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1 Abstract	  	  
Background:	   Malignant	   pleural	   mesothelioma	   (MPM)	   is	   an	   asbestos-­‐related	   malignancy	  characterized	  by	  frequent	  resistance	  to	  chemo-­‐	  and	  radiotherapy.	  Growth	  factors	  of	  the	  activin	  family	   are	   involved	   in	  malignant	   growth	   in	   several	   tumor	   types	   including	   non-­‐small	   cell	   lung	  cancer	  (NSCLC)	  and	  esophageal	  cancer.	  The	  aim	  of	  the	  present	  study	  was	  to	  investigate	  activin	  signals	  in	  MPM	  cell	  models	  and	  their	  contribution	  to	  malignant	  growth	  and	  spreading.	  	  	  
Methods:	   The	   expression	   of	   the	   activin	   βA,	   βB,	   βC	   and	   βE	   subunits	   (encoded	   by	   the	   genes	  INHBA,	  INHBB,	  INHBC,	  INHBE),	  activin	  receptors	  (ACVR2,	  ACVR2B,	  ALK4	  and	  ALK7)	  and	  activin	  antagonizing	   factors	   was	   analyzed	   in	   a	   panel	   of	   9	   MPM	   cell	   lines	   and	   in	   non-­‐malignant	  mesothelial	   cells	   by	   RT-­‐	   and	   qRT-­‐PCR.	   Activin	   A	   expression	   was	   also	   analyzed	   by	  immunohistochemistry	   in	  paraffin	  embedded	   tissues.	  For	   functional	  analysis	  of	  activin	  signals,	  MPM	   cell	   lines	   were	   treated	   with	   exogenous	   activin	   A,	   activin	   receptor	   inhibitors	   or	   INHBA-­‐targeting	   siRNA.	   Cell	   growth	   was	   assessed	   by	   MTT	   and	   clonogenic	   growth	   assays	   and	   cell	  migration	  by	  scratch	  and	  transwell	  assays.	  Phosphorylation	  of	  SMAD2	  was	  analyzed	  by	  Western	  blotting	  as	  readout	  for	  activation	  of	  the	  canonical	  activin/TGF-­‐β	  signaling	  pathway.	  	  	  
Results:	  Expression	  data	  in	  mesothelioma	  cell	  models	  obtained	  by	  real-­‐time	  PCR	  revealed	  high	  expression	   of	   activin-­‐βA	   and	   activin	   receptors	   in	   most	   cell	   lines	   compared	   to	   non-­‐malignant	  mesothelial	  cells.	  Likewise,	  immunohistochemistry	  in	  paraffin	  embedded	  tissue	  sections	  of	  MPM	  patients	  showed	  intense	  cytoplasmic	  staining	  for	  activin	  A	  in	  the	  tumor	  cells	  of	  a	  subset	  of	  the	  cases	  analyzed.	  Treatment	  with	  exogenous	  activin	  A	  induced	  SMAD2	  phosphorylation	  in	  all	  cell	  lines	  tested,	   thus	  demonstrating	   functionality	  of	   the	  activin	  signaling	  axis	   in	  mesothelioma	  cell	  models.	   In	   contrast	   to	   the	   human	   hepatocarcinoma	   cell	   line	  HepG2,	  which	   in	   agreement	  with	  previous	   reports	   was	   inhibited,	   proliferation	   of	   mesothelioma	   cell	   models	   was	   stimulated	   by	  activin	  A	  as	  observed	  by	  MTT	  assays	  and	  clonogenic	  assays.	  Treatment	  with	  two	  different	  kinase	  inhibitors	  of	  activin	  receptors	   (SB-­‐431542,	  A8301)	   in	  contrast,	   clearly	   inhibited	  mesothelioma	  cell	  proliferation	  and	  clonogenicity	  as	  well	  as	  migration.	  As	  kinase	  inhibitors	  are	  not	  absolutely	  specific	  for	  activin	  receptors	  and	  also	  co-­‐target	  TGF-­‐β	  receptors,	  INHBA	  was	  also	  silenced	  with	  siRNA	   oligonucleotides.	   As	   expected,	   transfection	   with	   INHBA-­‐targeting	   siRNA	   but	   not	  scrambled	  control	  siRNA	  decreased	  activin-­‐βA	  expression	  level	  and	  impaired	  cell	  proliferation.	  Finally,	  the	  influence	  of	  Trichostatin	  A	  and	  5-­‐azacytidine	  on	  the	  expression	  of	  INHBA	  was	  tested	  as	  single	  agents,	  as	  well	  as	   in	  combination,	  but	  no	  clear	   trend	  towards	  up-­‐	  or	  down-­‐regulation	  could	  be	  observed.	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Conclusions:	   The	   data	   generated	   during	   this	   investigation	   clearly	   suggest	   that	   deregulated	  activin	   A	   signaling	   contributes	   to	   the	   malignant	   phenotype	   of	   mesothelioma	   cells	   and	   might	  therefore	  represent	  a	  valuable	  candidate	  for	  therapeutic	  interference.	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2 Zusammenfassung	  	  
Hintergrund:	   Das	   maligne	   Pleuramesotheliom	   (MPM)	   ist	   ein	   Asbest-­‐bedingter	   bösartiger	  Tumor	   mit	   häufig	   auftretender	   Resistenz	   gegen	   Chemo-­‐	   und	   Strahlentherapie.	  Wachstumsfaktoren	   aus	   der	   Aktivin	   Superfamilie	   spielen	   beim	   malignen	   Wachstum	   von	  verschiedenen	  Tumorerkrankungen,	  einschließlich	  dem	  Nicht-­‐Kleinzelligen	  Bronchialkarzinom	  und	   Ösophaguskarzinom	   eine	   wichtige	   Rolle.	   Das	   Ziel	   dieser	   Studie	   war	   es	   zu	   untersuchten,	  welche	  Rolle	  Activin	  Signale	  in	  MPM	  Zellmodellen	  spielen	  und	  inwieweit	  diese	  zu	  Wachstum	  und	  Migration	  beitragen.	  	  	  
Methoden:	   Die	   Expression	   von	   Activin	   βA,	   βB,	   βC	   und	   βE	   (kodiert	   durch	   die	   Gene	   INHBA,	  INHBB,	  INHBC	  and	  INHBE),	  Aktivin-­‐Rezeptoren	  (ACVR2,	  ACVR2B,	  ALK4	  und	  ALK7)	  und	  Aktivin-­‐Antagonisten	  wurde	  in	  9	  MPM	  Zelllinien	  und	  in	  nicht-­‐malignen	  Mesothelzellen	  mittels	  RT-­‐	  und	  qRT-­‐PCR	   untersucht.	   Die	   Aktivin	   A	   Expression	   wurde	   weiters	   mittels	   Immunhistochemie	   in	  Paraffin-­‐eingebetteten	  MPM-­‐Gewebeproben	  untersucht.	   Zur	   funktionellen	  Analyse	   von	  Aktivin	  Signalen	   wurden	   MPM	   Zelllinien	   exogen	   mit	   Aktivin	   A,	   Aktivin-­‐Rezeptor-­‐Inhibitoren	   und	  INHBA-­‐regulierenden	   siRNAs	   behandelt.	   Die	   Ermittlung	   der	   Zellproliferation	   erfolgte	   durch	  MTT	   und	   Clonogenic	   Assays	   und	   Zellmigration	   wurde	   durch	   Scratch	   und	   Transwell	   Assays	  ermittelt.	   Die	   Phosphorylierung	   von	   SMAD2	   wurde	   mittels	   Western	   Blot	   untersucht	   als	  Nachweis	  für	  die	  Aktivierung	  des	  kanonischen	  Aktivin/TGF-­‐β	  Signalweges.	  	  	  
Ergebnisse:	  Die	  mit	  PCR	  durchgeführten	  Expressionsanalysen	  zeigten	  eine	  hohe	  Expression	  von	  Aktivin	   A	   und	   Aktivin-­‐Rezeptoren	   in	   den	   meisten	   Zelllinien	   im	   Vergleich	   zu	   nicht	   malignen	  Mesothelzellen.	   Immunhistochemisch	   konnte	   in	   Gewebeproben	   von	   MPM	   Patienten	   eine	  intensive	   zytoplasmatische	   Färbung	   der	   Tumorzellen	   gezeigt	   werden.	   Die	   Behandlung	   mit	  exogenem	  Aktivin	  A	  führte	  zu	  einer	  Phosphorylierung	  von	  SMAD2	  in	  allen	  Zelllinien,	  was	  auf	  die	  Funktionalität	   der	   Aktivin-­‐Signalachse	   in	   MPM	   Zelllinien	   schließen	   lässt.	   Im	   Gegensatz	   zur	  humanen	   Leberkrebszelllinie	  HepG2,	   die	   durch	   eine	   Behandlung	  mit	   Aktivin	   A	   inhibiert	  wird,	  konnte	  die	  Proliferation	  von	  Mesotheliom-­‐Zelllinien	  durch	  Behandlung	  mit	  Aktivin	  A	  stimuliert	  werden,	   wie	   MTT	   Assays	   und	   Clonogenic	   Assays	   zeigten.	   Eine	   Behandlung	   mit	   zwei	  verschiedenen	  Kinase-­‐Inhibitoren	  für	  Aktivin-­‐Rezeptoren	  (SB-­‐431542,	  A8301)	  führte	  hingegen	  zu	   einer	   klaren	   Inhibierung	   der	   Proliferation,	   Klonogenität	   und	   Migration	   von	   Mesotheliom-­‐Zellen.	   Da	   diese	   Kinase-­‐Inhibitoren	   jedoch	   nicht	   spezifisch	   für	   Aktivin-­‐Rezeptoren	   sind	   und	  zusätzlich	   auch	   auf	   TGF-­‐β	   Rezeptoren	   wirken,	   wurde	   die	   Expression	   von	   INHBA	   zusätzlich	  durch	  siRNA-­‐Oligonukleotide	  reduziert.	  Wie	  erwartet	  wurde	  durch	  die	  Transfektion	  mit	  siRNA	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spezifisch	  für	  Aktivin	  A,	  jedoch	  nicht	  durch	  Scrambled	  Kontroll-­‐siRNA	  die	  Aktivin	  A	  Expression	  reduziert	   und	   die	   Zellproliferation	   geschwächt.	   Abschließend	   wurde	   der	   Einfluß	   von	  Trichostatin	   A	   und	   5-­‐Azacytidine	   als	   Einzelsubstanzen	   und	   als	   Kombination	   auf	   die	  Genexpression	   von	   INHBA	   getestet,	   allerdings	   konnte	   kein	   klarer	   Trend	   bezüglich	   einer	  Erhöhung	  oder	  Reduktion	  der	  Expression	  festgestellt	  werden.	  	  
Schlussfolgerung:	  Diese	   Daten	   zeigen,	   dass	   deregulierte	   Aktivin	   A	   Expression	   zum	  malignen	  Phänotyp	  von	  Mesotheliom-­‐Zellen	  beiträgt	  und	  dass	  Aktivin-­‐Signale	   als	  neues	   therapeutisches	  Target	  weiter	  untersucht	  werden	  sollten.	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3 Introduction	  
3.1 Activins	  Activins	   are	  members	   of	   the	   transforming	   growth	   factor-­‐beta	   (TGF-­‐β)	   superfamily	   of	   growth	  and	  differentiation	  factors	  (10)	  and	  were	  discovered	  in	  the	  1980’s	  as	  gonadal	  proteins	  that	  are	  able	   to	   stimulate	   the	   secretion	   of	   follicle	   stimulating	   hormone	   (FSH)	   from	   pituitary	  gonadotropes	   (11-­‐13).	   Based	   on	   tsequence	   similarities,	   the	   TGF-­‐βsuperfamily	   can	   be	   divided	  into	  three	  subfamilies:	  TGF-­‐β	  sensu	  stricto,	  bone	  morphogenetic	  proteins	  (BMPs)	  and	  the	  activin	  subfamily	  (14).	  There	  are	  also	  many	  distant	   family	  members,	   like	  the	  Anti-­‐Mullerian	  Hormone	  (AMH),	  which	  is	  also	  known	  as	  the	  Mullerian	  Inhibiting	  Substance	  (MIS),	  Lefty,	  Myostatin	  (also	  known	  as	  growth	  and	  differentiation	  factor	  8	  (GDF8)),	  Nodal	  and	  inhibin-­‐α	  (INHA)	  (14).	  	  	  
3.1.1 Structure	  Like	  other	  members	  of	  the	  TGF-­‐βsuperfamily,	  activins	  consist	  of	  two	  subunits	  that	  are	  covalently	  linked	  via	  a	  single	  disulfide	  bond.	   In	  humans	  and	  other	  mammals,	   four	  different	  subunits	  have	  already	  been	  identified,	  called	  beta	  A,	  beta	  B,	  beta	  C	  and	  beta	  E,	  which	  are	  encoded	  by	  a	  single	  gene	  –	   INHBA,	   INHBB,	   INHBC	  and	  INHBE	  (15).	  There	   is	  also	  a	   fifth	  subunit,	  called	  beta	  D,	   that	  has	   not	   been	   identified	   in	   humans	   but	   in	   Xenopus	   laevis	   (16).	  	  The	  four	  mammalian	  activin	  subunits	  can	  either	  form	  homodimers	  or	  heterodimers	  of	  two	  beta-­‐subunits	  (a	  list	  of	  possible	  formations	  is	  presented	  in	  Table	  1).	  So	  far,	  only	  little	  is	  known	  about	  the	  subunits	  activin	  beta	  C	  and	  E,	  whereas	   the	  best	   investigated	  subunit	   is	  activin	  beta	  A.	  The	  two	  activin	  heterodimers	  activin	  AB	  and	  AC	  have	  been	  described	  under	  physiological	  conditions	  in	  vivo	  (17,	  18),	  whereas	  the	  formation	  of	  activin	  AE,	  BC	  and	  CE	  has	  only	  been	  found	  in	  in	  vitro	  systems	  (19-­‐22).	  All	   beta-­‐subunits	   are	   synthesized	   as	   inactive	   proforms	   with	   350-­‐426	   amino	   acids	   and	   a	  molecular	  weight	   ranging	  between	  38	  and	  50	  kDa	   (15).	   In	  order	   to	  gain	  biological	  activity,	   all	  activins	   need	   to	   be	   processed.	   The	  N-­‐terminal	   prodomains	   are	   removed	   in	   the	   early	   Golgi	   by	  convertases	  of	  the	  subtilising/kexin	  family	  (23)	  to	  release	  mature	  peptides	  of	  112	  to	  134	  amino	  acids	  (15).	  Unprocessed	  forms	  of	  activin	  A	  do	  not	  show	  any	  biological	  activity	  (24).	  	  Activins	  and	  other	  members	  of	   the	  TGF-­‐βsuperfamily	  harbour	  nine	  conserved	  cysteines	   in	   the	  mature	   peptides,	   which	   are	   required	   for	   the	   3-­‐dimensional	   structure.	   The	   intermolecular	  disulfide	  bond,	  which	  is	  necessary	  for	  dimerization,	  is	  created	  by	  the	  sixth	  cysteine,	  whereas	  the	  other	  cysteines	  are	  involved	  in	  the	  formation	  of	  three	  intramolecular	  disulfide	  bonds,	  leading	  to	  the	  so-­‐called	  cysteine	  knot,	  necessary	  for	  the	  correct	  folding	  of	  the	  protein	  and	  biological	  activity	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(25).	   Cysteine	   mutations	   lead	   to	   an	   incorrect	   protein	   folding,	   resulting	   in	   reduced	   biological	  activity,	  the	  secretion	  of	  an	  unprocessed	  form	  of	  the	  protein,	  or	  no	  secretion	  at	  all	  (25).	  	  	  
Table	  1.	  Possible	  Formations	  of	  Activin	  Subunits	  
Activin	  
Composition	  of	  Activin	  
Subunits	  Activin	  A	   beta	  A	  and	  beta	  A	  Activin	  B	   beta	  B	  and	  beta	  B	  Activin	  C	   beta	  C	  and	  beta	  C	  Activin	  E	   beta	  E	  and	  beta	  E	  Activin	  AB	   beta	  A	  and	  beta	  B	  Activin	  AC	   beta	  A	  and	  beta	  C	  Activin	  AE	   beta	  A	  and	  beta	  E	  Activin	  BC	   beta	  B	  and	  beta	  C	  Activin	  BE	   beta	  B	  and	  beta	  E	  Activin	  CE	   beta	  A	  and	  beta	  E	  	  
3.1.2 Receptors	  and	  Signalling	  Mechanisms	  Activin	   signals	   are	   transduced	   via	   a	   heterotetrameric	   receptor	   complex	   consisting	   of	   two	  different	  kinds	  of	  single-­‐pass	  transmembrane	  serine	  threonine	  kinase	  receptors	  (type	  I	  and	  type	  II)	   (26).	   Both	   types	   of	   activin	   receptors	   consist	   of	   a	   small	   extracellular	   region,	   a	   large	  intracellular	  domain	  with	  serine	  threonine	  kinase	  activity	  and	  a	  transmembrane	  region,	  but	  vary	  in	  their	  structural	  and	  functional	  properties.	  For	  the	  mediation	  of	  activin	  signal	  transduction,	  the	  type	  II	  receptors	  (ActR-­‐II/ACVR2	  and	  ActR-­‐IIB/ACVR2B)	  need	  to	  be	  activated	  by	  ligand	  binding.	  The	   activated	   type	   II	   receptors	   subsequently	   recruit	   and	   phosphorylate	   a	   type	   I	   receptor	   and	  form	   a	   receptor	   complex	   (14,	   27).	   Activin	   A	   preferentially	   binds	   to	   the	   type	   I	   receptor	   ActR-­‐IB/ACVR1B,	  also	  known	  as	  activin	  receptor-­‐like	  kinase	  4	  (ALK4),	  whereas	  activin	  AB	  and	  activin	  B	   preferentially	   form	   a	   complex	   with	   the	   type	   I	   receptor	   ACVR1C	   (ALK7)	   (4,	   28).	   The	   exact	  signalling	  mechanism	  and	  receptors	  for	  activin	  C	  and	  activin	  E	  have	  not	  been	  identified	  so	  far.	  	  Within	  this	  complex	  of	  activin	  receptors,	  the	  activated	  type	  II	  receptor	  phosphorylates	  the	  type	  I	  receptor	  in	  the	  regulatory	  GS	  domain,	  also	  called	  GS-­‐Box	  –	  a	  segment	  rich	  in	  glycine	  and	  serine	  that	  is	  located	  prior	  to	  the	  serine	  threonine	  kinase	  domain	  (27,	  29,	  30).	  The	  phosphorylation	  of	  the	  type	  I	  receptor	  leads	  to	  the	  activation	  of	  the	  downstream	  receptor-­‐regulated	  SMAD	  proteins	  (R-­‐SMADs),	   such	   as	   SMAD2	   and	   SMAD3.	   There	   is	   also	   another	   group	   of	   R-­‐SMADs	   (SMAD1,	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SMAD5,	   SMAD8),	   which	   get	   phosphorylated	   by	   BMP-­‐receptors	   (31,	   32),	   whereas	   SMAD2	   and	  SMAD3	  are	  specific	  for	  activins	  and	  TGF-­‐β	  (33).	  Once	   the	   R-­‐SMADs	   are	   activated,	   they	   recruit	   the	   so	   called	   common-­‐mediator	   SMAD4	   (Co-­‐SMAD4)	   (34)	   and	   subsequently,	   this	   whole	   complex	   translocates	   to	   the	   nucleus	   where	   it	   is	  directly	   involved	   in	   the	   regulation	  of	   gene	  expression	   (35).	  A	   schematic	  diagram	  of	   the	  TGF-­‐β	  and	  activin	  signalling	  mechanism	  via	  the	  SMAD-­‐pathway	  is	  presented	  in	  Figure	  1.	  	  Beside	   the	   transduction	   of	   activin	   signals	   via	   SMAD	   proteins,	   there	   might	   be	   alternative	  independent	  signaling	  pathways	   for	  activins	   like	  the	  MAP	  kinases	  ERK1/2	  (36,	  37),	   the	  stress-­‐activated	  kinase	  p38	  (38),	  the	  PI3K/Akt	  pathway	  (39),	  or	  Rho	  and	  JNK	  (40).	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3.1.3 Expression	  and	  Biological	  Functions	  The	  activin	  subunits	  beta	  A	  and	  beta	  B	  are	  expressed	  in	  multiple	  tissues	  and	  cell	  lines	  (20,	  41),	  whereas	  activin	  beta	  C	  and	  beta	  E	  are	  expressed	  in	  a	  more	  restricted	  fashion	  in	  the	  human	  body.	  Increased	  expression	  of	  activin	  beta	  A	  was	  detected	   in	  association	  with	   inflammation	  (42,	  43),	  wound	  repair	  (44-­‐47)	  and	  also	  at	  earlier	  time	  points	  after	  partial	  hepatectomy	  (48,	  49)	  and	  in	  many	  different	  kinds	  of	  cancers	  (for	  the	  role	  of	  activin	  A	  in	  tumors,	  see	  3.3.).	  The	  healthy	  liver	  shows	  only	  a	  low	  expression	  of	  activin	  beta	  A	  and	  activin	  beta	  B	  (20),	  whereas	  elevated	  levels	  of	  
Figure	  1.	  TGF-­beta	  family	  signaling	  mechanism	  via	  the	  SMAD-­pathway	  (4).	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circulating	   activin	   beta	   A	   were	   detected	   in	   patients	   suffering	   from	   hepatitis,	   hepatocellular	  carcinoma,	  liver	  cirrhosis	  or	  acute	  liver	  failure	  (50-­‐55).	  In	  vitro	  and	  also	  in	  vivo	  studies	  showed	  that	  activin	  A	   induces	  hepatocyte	  apoptosis	  and	   inhibits	  DNA	  synthesis	   (21,	  56-­‐58).	   Increased	  amounts	   of	   circulating	   activin	   A	   were	   also	   detected	   in	   patients	   with	   septicemia,	   interstitial	  pulmonary	   fibrosis	   or	   angina	   (59-­‐62).	   Beside	   this,	   activin	   A	   plays	   an	   important	   role	   in	  reproductive	   biology	   (63),	   erythroid	   differentiation	   (64),	  mesoderm	   induction	   (65),	   stem	   cell	  biology	  (66)	  and	  cell	  death	  induction	  (67).	  	  High	   expression	   of	   INHBB,	   the	   gene	   encoding	   for	   activin	   beta	   B,	   were	   found	   in	   human	  adipocytes,	  whereas	  diet-­‐induced	  weight	  loss	  was	  reported	  to	  decrease	  the	  expression	  of	  activin	  beta	  B.	  Furthermore,	  it	  is	  suggested	  as	  a	  risk	  factor	  for	  the	  metabolic	  syndrom	  (68).	  Activin	   beta	   C	   is	   expressed	   predominantly	   in	   the	   liver,	   but	   also	   in	   prostate,	   testes,	   ovary	   and	  pituitary	   gland	   (19,	   56,	   69-­‐71).	   A	   reduced	   expression	   of	   activin	   beta	   C	   was	   found	   in	   the	  hepatoma	   cell	   lines	  HepG2	   and	  Hep3B	   in	   contrast	   to	   normal	   liver	   tissue	   (21)	   and	   a	   transient	  down-­‐regulated	   gene	   expression	   of	   activin	   beta	   C	   was	   detected	   in	   patients	   after	   partial	  hepatectomy	  (49,	  72-­‐74).	  Another	  activin	  subunit	  that	  shows	  a	  significant	  high	  expression	  in	  the	  liver,	  is	  activin	  beta	  E.	  It	  is	  also	  expressed	  in	  other	  human	  organs	  like	  testis,	  placenta,	  heart	  and	  skeletal	  muscle	  (20,	  75-­‐77).	  A	  down-­‐regulation	  of	  activin	  beta	  E	  expression	  was	  detected	   in	  hepatocellular	  carcinoma,	  whereas	  a	  transiently	  upregulated	  expression	  was	  found	  after	  partial	  hepatectomy	  (10,	  78).	  Knockout-­‐mice	   for	   activin	   beta	   A	   show	   severe	   craniofacial	   defects	   and	   die	   shortly	   after	   birth	  (79-­‐81),	  whereas	  knockout-­‐mice	  for	  activin	  beta	  B	  are	  viable,	  but	  suffer	  from	  eyelid	  defects	  and	  abnormalities	  in	  the	  female	  reproduction	  (82,	  83).	  Normal	  development	  without	  any	  effects	  on	  reproduction	  were	  found	  in	  knockout-­‐mice	  for	  activin	  beta	  C	  or	  activin	  beta	  E	  (84).The	  functions	  of	  activin	  beta	  C	  and	  E	  are	  still	  unknown.	  	  
3.2 Modulation	  of	  Activin	  Signaling	  
3.2.1 Inhibins	  Like	   activins,	   inhibins	   were	   discovered	   as	   gonadal	   proteins	   that	   influence	   the	   secretion	   of	  follicle-­‐stimulating	  hormone	   (FSH)	   from	  pituitary	  glands.	   In	   contrast	   to	  activins,	  which	  have	  a	  stimulating	   effect,	   the	   secretion	   of	   FSH	   gets	   inhibited	   by	   inhibins	   (13).	   In	  males,	   inhibins	   get	  primarily	   synthesized	   in	   the	   Sertoli	   cells	   in	   the	   testes,	   whereas	   in	   females	   inhibins	   get	  synthesized	  in	  granulosa	  cells	  (85).	  	  In	  contrast	  to	  activins,	  that	  consist	  of	  two	  beta	  subunits,	   inhibins	  are	  heterodimers	  of	  an	  alpha	  and	  a	  beta	  subunit,	  covalently	  linked	  by	  a	  single	  disulfide	  bond.	  The	  beta	  subunit	  can	  either	  be	  a	  beta	   A	   or	   beta	   B	   subunit,	   resulting	   in	   inhibin	   A	   (subunits	   alpha	   and	   beta	   A)	   or	   inhibin	   B	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(subunits	  alpha	  and	  beta	  B).	  Overexpression	  of	   inhibin	  alpha	   is	  associated	  with	   some	   types	  of	  tumors,	  like	  ovarian	  and	  adrenal	  cancer	  (28).	  	  Only	  little	  is	  known	  about	  the	  functions	  and	  the	  signaling	  mechanisms	  of	  inhibins,	  but	  inhibins	  may	  compete	  with	  activins	  for	  binding	  to	  the	  activin	  type	  II	  receptors	  (86).	  For	  many	  biological	  systems,	  antagonistic	  effects	  of	  inhibins	  and	  activins	  have	  been	  described	  so	  far	  (33).	  	  
3.2.2 Follistatin	  Follistatin	   is	   a	   single-­‐chain	   polypeptide	   with	   the	   ability	   to	   inhibit	   the	   release	   of	   the	   follicle-­‐stimulating	  hormone	  (FSH)	  from	  the	  pituitary	  gland	  (87).	  It	  has	  no	  structural	  relation	  to	  activins	  or	  other	  members	  of	  the	  TGF-­‐βsuperfamily	  but	  acts	  as	  modulator	  of	  the	  activity	  of	  activin	  A	  by	  preventing	  it	   from	  binding	  to	  the	  type	  II	  receptors	  and	  subsequently	  blocking	  activin	  signaling	  (Figure	   2)	   (88).	   Follistatin	   is	   expressed	   in	   many	   tissues	   within	   the	   body,	   like	   the	   endocrine	  glands,	  liver,	  reproductive	  tissues,	  pituitary,	  pancreas	  and	  prostate	  (7,	  89).	  In	  patients	  suffering	  from	  hepatocellular	  carcinomas,	  elevated	  levels	  of	  circulating	  follistatin	  and	  high	  expression	  in	  the	   tumor	   tissue	   were	   found	   (28,	   51,	   78,	   90).	   About	   24-­‐48	   hours	   after	   partial	   hepatectomy,	  expression	   of	   follistatin	   as	   well	   as	   hepatocyte	   DNA	  synthesis	  were	  increased	  (72).	  	  The	   two	  major	   forms	   of	   follistatin,	   termed	   follistatin	  288	   (FS-­‐288;	   consisting	   of	   288	   amino	   acids)	   and	  follistatin	  315	  (FS-­‐315;	  consisting	  of	  315	  amino	  acids),	  result	   from	   a	   common	   precursor	   gene	   by	   alternative	  splicing	   at	   the	   3’	   end	   (91,	   92).	   A	   third	   form	   of	  follistatin	   (FS-­‐303;	   consisting	   of	   303	   amino	   acids)	  results	  from	  proteolysis	  of	  the	  carboxy-­‐terminal	  end	  of	  FS-­‐315	  (93,	  94).	  	  Structurally,	   follistatins	   contain	   an	   N-­‐terminal	   activin-­‐binding	   domain	   and	   three	   follistatin	  domains	  (FS	  domains)	  consisting	  of	  73-­‐75	  amino	  acids	  (93,	  95),	  which	  are	  also	  found	  in	  another	  protein,	  called	  follistatin-­‐related	  gene	  (FLRG)	  or	  follistatin-­‐like	  3	  (FSTL3).	  FLRG	  only	  consists	  of	  the	  first	  two	  FS	  domains	  and	  lacks	  the	  third	  one	  but	  has	  also	  the	  ability	  to	  modulate	  the	  activity	  of	  activin	  A	  (96-­‐98).	  A	  deletion	  of	  either	  the	  first	  or	  the	  second	  FS	  domain	  eliminates	  the	  ability	  for	   activin	   binding,	   while	   loss	   of	   the	   third	   domain	   does	   not	   affect	   it	   (98).	   Both	   isoforms	   of	  follistatin	  bind	  secreted	  activin	  A	  with	  high	  affinity	  and	  almost	  irreversibly	  (91,	  97,	  99),	  though	  FS-­‐288	  seems	  to	  have	  a	  much	  higher	  affinity	  than	  FS-­‐315	  (100,	  101).	  	  The	  two	  isoforms	  of	  follistatin,	  FS-­‐288	  and	  FS-­‐315,	  vary	  in	  their	  ability	  to	  bind	  heparan	  sulfate	  proteoglycans,	   since	   the	   shorter	   splice-­‐variant	   FS-­‐288	   has	   a	   high	   affinity	   for	   heparin	   and	   the	  longer	   splice-­‐variant	   FS-­‐315	   does	   not	   bind	   it	   (91,	   102).	   Experiments	   with	   rat	   pituitary	   cells	  
Figure	   2.	   Inhibition	   of	   activin	   signaling	   via	  
binding	   of	   follistatin	   or	   follistatin-­related	   gene	  
(FLRG)	  to	  activins	  (2).	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demonstrated,	  that	  complexes	  of	  activin	  A	  and	  FS-­‐288	  can	  bind	  to	  heparan	  sulfate	  proteoglycans	  on	  the	  cell	  surface	  and	  subsequently	  undergo	  lysosomal	  endocytosis	  (Figure	  3)	  (103,	  104).	  Since	  FS-­‐315	   has	   no	   affinity	   for	   heparin,	   complexes	   of	   activin	   A	   and	   FS-­‐315	   do	   not	   undergo	  endocytosis	  but	  cannot	  bind	  to	  activin	  receptors	  either	  (7).	  FS-­‐315	  represents	  the	  predominant	  circulatory	  isoform	  of	  follistatin	  (105).	  	  Beside	  activin	  beta	  A,	  follistatin	  has	  also	  an	  affinity	  for	  activin	  beta	  B,	  though	  it	  is	  about	  ten	  times	  lower	  than	  that	  for	  activin	  A	  (106).	  Modulation	  of	  the	  activity	  of	  activins	  containing	  the	  subunits	  beta	  C	  or	  beta	  E	  has	  not	  been	  described	  so	  far	  (16,	  69,	  76).	  Furthermore,	  inhibition	  of	  myostatin,	  growth	  and	  differentiation	  factor	  11	  (GDF11)	  and	  BMPs	  has	  also	  been	  reported	  (107-­‐110).	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3.2.3 Follistatin-­Related	  Gene	  (FLRG)	  Another	   protein	  with	   the	   ability	   to	   bind	   activin	  A	   and	   thus	   prevent	   it	   from	  binding	   to	   type	   II	  receptors	   is	   the	   follistatin-­‐related	   gene	   (FLRG),	   also	   known	   as	   follistatin-­‐like	   3	   (FSTL3).	  Originally,	   it	  was	   identified	   in	   leukemia	  as	  a	   target	  of	   chromosomal	   rearrangement	   (111).	  The	  protein	   shows	   high	   structural	   similarity	   with	   follistatin,	   but	   only	   consists	   of	   two	   follistatin	  domains,	   while	   it	   has	   also	   the	   ability	   to	   modulate	   the	   activity	   of	   activin	   A	   (96-­‐98).	   High	  expression	  of	  FLRG	  was	  detected	   in	   testis	  and	  placenta	  (33)	  and	   like	   follistatin,	  FLRG	  can	  also	  bind	  myostatin	  and	  growth	  and	  differentiation	  factor	  11	  (GDF11),	  but	  it	  does	  not	  interact	  with	  TGF-­‐β	  (96,	  112).	  	  	  
Figure	  3.	  Possible	  interactions	  of	  activin	  A	  and	  the	  two	  
follistatinisoforms	  FS-­288	  and	  FS-­315	  (7).	  
	   11	  
3.2.4 Inhibitory	  SMADs	  (I-­SMADs)	  Beside	   the	   receptor-­‐regulated	   SMADs	   (R-­‐SMADs;	   SMAD2	   and	   SMAD3)	   and	   the	   Co-­‐SMAD	  (SMAD4),	   there	   is	   also	   another	   group	   of	   SMAD-­‐proteins,	   called	   inhibitory	   SMADs	   (I-­‐SMADs;	  SMAD6	  and	  SMAD7).	  SMAD7	  is	  a	  negative	  regulator	  of	  the	  TGF-­‐β	  and	  activin	  signaling,	  since	  it	  binds	   to	   activin	   type	   I	   receptors	   and	   subsequently	   prevents	   SMAD4	   from	   binding	   to	   these	  receptors,	  thus	  blocking	  the	  signaling	  pathway	  (113,	  114).	  The	  I-­‐SMAD	  protein	  SMAD6	  inhibits	  the	  signaling	  pathway	  of	  BMPs	  (32).	  	  	  
3.2.5 Cripto	  The	  cell	   surface-­‐protein	  Cripto	   is	  a	  member	  of	   the	  epidermal	  growth	   factor,	  Cripto,	  FRL-­‐1	  and	  Cryptic	  (EGF-­‐CFC)	  protein	  family	  and	  is	  also	  known	  as	  teratocarcinoma-­‐derived	  growth	  factor	  1	  (TDGF-­‐1).	  Overexpression	  of	  Cripto	  was	  found	  in	  many	  cancers,	  like	  those	  of	  the	  breast,	  testicles,	  ovary,	  stomach,	  colon,	  lung	  or	  pancreas	  (115).	  Cripto	  is	  able	  to	  bind	  to	  the	  activin	  type	  II	  receptors	  ActRII	  and	  ActRIIB	  and	  therefore	  prevents	  those	   receptors	   from	   phosphorylating	   the	   downstream	   type	   I	   receptor	   and	   blocks	   activin	  signaling	  (116).	  Overexpression	  of	  Cripto	  inhibits	  activin	  signaling	  in	  different	  cancer	  cell	   lines	  (116,	  117).	  Furthermore,	  Cripto	  acts	  as	  a	  co-­‐receptor	  and	  facilitates	  binding	  of	  the	  protein	  Nodal	  to	  the	  activin	  like	  kinase	  4	  (ALK4)	  and	  therefore	  promotes	  Nodal	  signaling	  (118,	  119).	  	  
3.3 Activin	  A	  in	  Tumors	  Like	  TGF-­‐β,	  activin	  A	  has	  the	  ability	  to	  either	  inhibit	  or	  promote	  cell	  growth,	  depending	  on	  the	  type	  of	  tissue.	  Many	  different	  studies	  demonstrated	  a	  deregulation	  of	  activin	  signaling	  and	  that	  activin	  A	  inhibits	  cell	  proliferation	  of	  hepatocellular	  carcinoma	  cells	  (15,	  28,	  120),	  breast	  cancer	  (121-­‐124),	  prostate	  cancer	  (125-­‐127)	  and	  also	  of	  pituitary	  adenoma	  cells	   (128,	  129).	  Elevated	  serum	   levels	   of	   activin	   A	   were	   found	   in	   patients	   suffering	   from	   hepatocellular	   carcinoma,	  endometrial	   carcinoma,	   cancers	   of	   the	  human	  breast	   or	   ovary,	   and	   are	   therefore	  discussed	   as	  serum	  markers	   (52,	  130-­‐133).	   In	   the	   liver,	  activin	  A	   is	  a	  negative	  regulator	  of	  proliferation.	   In	  vitro	   and	   in	   vivo	   experiments	   demonstrated	   an	   inhibition	   of	  mitogen-­‐induced	  DNA	   synthesis,	  induction	   of	   apoptosis	   and	   a	   significant	   reduction	   of	   liver	   mass	   achieved	   by	   infusions	   with	  recombinant	  activin	  A	  (56-­‐58).	  	  In	  contrast,	  promotion	  of	  cell	  proliferation	  was	  detected	  in	  endometrial	  carcinomas	  (134,	  135),	  testicular	  cancer	  (126,	  136),	  gastric	  cancer	  (137,	  138),	  head	  and	  neck	  squamous	  cell	  carcinoma	  (139),	   oral	   squamous	   cell	   carcinoma	   (140)	   and	   various	   thoracic	   tumors,	   like	   esophageal	  squamous	   cell	   carcinoma	   (141-­‐143),	   esophageal	   adenocarcinoma	   (144)	   and	   lung	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adenocarcinoma	  (145).	  Overexpression	  of	  activin	  A	  was	  measured	  in	  various	  cancer	  types	  and	  was	   associated	  with	   poor	   prognosis,	  metastasis	   and	   a	   shorter	   disease-­‐free	   survival	   rate	   (139,	  140,	  144).	  Furthermore,	  exogenous	  treatment	  of	  cancer	  cells	  already	  overexpressing	  INHBA	  can	  further	   stimulate	   cell	   proliferation	   in	   vitro	   (144,	   145).	   Moreover,	   it	   was	   shown	   that	   down-­‐regulation	   of	   INHBA	   gene	   expression	   via	   RNA	   interference	   reduces	   cell	   proliferation	   and	  invasion	   of	   cancer	   cells	   (140,	   144,	   145),	   thus	   demonstrating	   the	   importance	   of	   activin	   A	  signaling	  for	  various	  carcinomas	  and	  suggesting	  INHBA	  as	  a	  valuable	  candidate	  for	  therapeutic	  application.	  	  	  
3.4 Malignant	  Pleural	  Mesothelioma	  Malignant	  Pleural	  Mesothelioma	   (MPM)	   is	   a	   rare	  but	  highly	   lethal	   cancer	  with	  poor	  prognosis	  that	  arises	   from	  the	  serous	   linings	  of	   the	   lungs	  and	  was	   first	  described	   in	  1960	  (146).	   In	  most	  cases,	   there	   is	   a	   clear	   correlation	   with	   a	   past	   exposure	   to	   asbestos,	   but	   there	   are	   also	   other	  factors	  considered	  to	  contribute	  to	  the	  development	  of	  this	  tumor,	  like	  genetic	  alterations	  or	  the	  Simian	  virus	  40	  (SV40).	  So	  far,	  no	  effective	  treatment	  has	  been	  established.	  Current	  therapies	  for	  MPM	  often	  combine	  surgery,	  radiation	  and	  chemotherapy	  in	  a	  multimodality	  approach.	  	  	  
3.4.1 Epidemiology	  Until	  the	  second	  half	  of	  the	  20th	  century,	  Malignant	  Pleural	  Mesothelioma	  was	  an	  extremely	  rare	  kind	  of	  neoplasm.	  Since	  then,	   the	   incidence	  has	   increased	  significantly	  and	  is	  expected	  to	  peak	  within	  the	  next	  20	  years	  (147).	  Every	  year,	  there	  are	  about	  2500	  new	  cases	  in	  the	  United	  States	  and	  approximately	  10000	  cases	  worldwide	  (148).	  	  The	  main	  risk	  factor	  for	  developing	  MPM	  is	  a	  past	  exposure	  to	  asbestos	  and	  due	  to	  occupational	  exposure,	   men	   are	   at	   much	   higher	   risk	   than	   women	   (149).	   About	   80%	   of	   all	   U.S.	   patients	  suffering	  from	  MPM	  have	  a	  history	  of	  asbestos	  exposure,	  although	  only	  5%	  of	  people	  with	  long-­‐time	  asbestos	  exposure	  develop	  MPM	  (150).	  The	  time	  between	  the	  initial	  exposure	  to	  asbestos	  and	  the	  diagnosis	  of	  the	  cancer	  is	  between	  20	  and	  40	  years,	  leading	  to	  a	  mean	  age	  of	  the	  patients	  ranging	  from	  50	  to	  70	  years	  at	  the	  time	  of	  diagnosis	  (151,	  152).	  	  	  
3.4.2 Histology	  MPM	   is	   classified	   into	   three	   histological	   subtypes:	   epithelioid,	   sarcomatoid	   and	   biphasic,	   also	  often	   described	   as	   mixed	   subtype.	   The	   epithelioid	   form	   is	   the	   most	   common	   type,	   with	  approximately	   50-­‐60%	   of	   all	   cases,	   and	   is	   associated	   with	   a	   better	   prognosis	   than	   the	  sarcomatoid	   or	   biphasic	   form	   (153).	   Epithelioid	   mesotheliomas	   typically	   show	   tubopapillary	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and	  glandular	  patterns	  with	  uniform	  shaped	  and	  well-­‐defined	  epthelial	   structure,	  whereas	   the	  sarcomatoid	  form	  is	  characterized	  by	  spindle	  cells,	  typically	  elongated	  and	  not	  uniform	  in	  shape.	  The	   biphasic	   or	   mixed	   version	   consists	   of	   both	   structures	   and	   therefore	   it	   can	   be	   necessary	  taking	  multiple	  tumor	  tissue	  samples	  to	  verify	  a	  biphasic	  subtype	  of	  MPM	  (8).	  	  
3.4.3 Asbestos	  Asbestos	   is	  considered	  to	  be	  the	  main	  risk	   factor	   for	  developing	  MPM.	  Until	   the	  second	  half	  of	  the	  20th	  century,	  it	  was	  in	  worldwide	  use	  in	  the	  construction	  and	  shipbuilding	  industry	  because	  of	   its	   resistance	   to	   heat	   or	   electrical	   damage.	   Since	   2005	   the	   usage	   of	   Asbestos	   has	   been	  completely	  forbidden	  in	  the	  European	  Union,	  but	  it	  is	  still	  used	  in	  some	  parts	  of	  the	  world.	  	  The	   term	   asbestos	   refers	   to	   a	   group	   of	   fibrous	   silicate	   minerals	   with	   two	   major	   types:	   the	  serpentine	   form,	   like	   chrysotile	   (also	   known	  as	  white	   asbestos),	   and	   the	   amphibole	   form,	   like	  crocidolite	  (also	  known	  as	  blue	  asbestos),	  amosite	  (also	  known	  as	  brown	  asbestos),	  antophyllite,	  actinolite	  and	  tremolite.	  Asbestos	  fibres	  get	  inhaled	  in	  the	  lung	  where	  they	  are	  able	  to	  cause	  DNA	  damage	   (e.g.	   by	   disrupting	   mitosis),	   release	   of	   reactive	   oxygen	   species	   (ROS)	   and	   reactive	  nitrogen	   species	   (NOS),	   local	   inflammation	   (based	   on	   mechanical	   damage	   of	   the	   mesothelial	  surface	   by	   the	   fibres)	   and	   diseases	   like	   lung	   cancer,	   fibrosis	   and	   MPM	   (150,	   154-­‐156).	   The	  amphibole	   forms,	   especially	   crocidolite,	   are	   considered	   to	   be	   much	   more	   oncogenic	   than	  serpentine,	   since	   amphiboles	  have	   long	   and	   thin	   fibres	   that	   can	  better	   accumulate	   in	   the	   lung	  with	  a	  longer	  biopersistence	  (157,	  158).	  	  	  
3.4.4 Molecular	  Mechanisms	  and	  Alterations	  The	   molecular	   mechanisms	   underlying	   the	   pathogenesis	   of	   MPM	   are	   still	   not	   clear.	   Inhaled	  asbestos	   fibres	   accumulate	   in	   the	   lung,	   damage	   the	   mesothelial	   cells	   and	   cause	   local	  inflammation	  (Figure	  4).	  In	  vitro	  experiments	  with	  primary	  human	  mesothelial	  cells	  have	  shown	  that	  exposure	  to	  asbestos	  induces	  necrosis	  and	  the	   secretion	   of	   the	   high-­‐mobility	   group	  protein-­‐1	   (HMGB-­‐1)	   which	   causes	  inflammation,	   accumulation	   of	   macrophages	  and	   the	   secretion	   of	   tumor	   necrosis	   factor-­‐alpha	  (TNF-­‐α),	   further	   leading	  to	  an	  activation	  of	   the	   transcription	   factor	   NF-­‐kB	   (159-­‐162).	  Moreover,	   asbestos	   was	   described	   as	   being	  non-­‐pathogenic	   in	   TNF-­‐α	   receptor	   knockout	  mice	  (163).	  	  
Figure	   4.	   Asbestos	   exposure	   causes	   necrosis,	   release	   of	  
HMGB-­1,	   accumulation	   of	   macrophages,	   inflammation	  
and	  secretion	  of	  TNF-­alpha,	  further	  activating	  NF-­kB	  and	  
leading	  to	  survival	  of	  human	  mesothelioma	  (HM)	  cells	  (5).	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Inflammation	  and	  the	  accumulation	  of	  macrophages	  further	  stimulates	  the	  release	  of	  cytokines	  and	   growth	   factors,	   giving	   MPM	   cells	   a	   growth	   advantage	   (Figure	   5)	   (164).	   Various	   studies	  already	  demonstrated	  that	  MPM	  cells	  produce	  and	  respond	  to	  different	  growth	  factors,	  like	  the	  platelet-­‐derived	   growth	   factor	   (PDGF)	   (164,	   165),	   vascular	   endothelial	   growth	   factor	   (VEGF)	  (166,	  167),	  epidermal	  growth	  factor	  (EGF)	  (168),	  hepatocyte	  growth	  factor	  (HGF)	  (169),	  insulin-­‐like	  growth	  factor	  (IGF)	  (170)	  and	  the	  transforming	  growth	  factor	  β	  (TGF-­‐β)	  (171,	  172).	  In	  vitro	  and	  in	  vivo	  experiments	  with	  antisense	  oligodeoxynucleotides	  to	  TGF-­‐β	  demonstrated	  inhibition	  of	  cell	  proliferation	  and	  tumor	  growth	  (172).	  Animal	  experiments	  with	  intraperitoneal	  injections	  of	   MPM	   cells	   into	   severe	   combined	   immunodeficient	   (SCID)	  mice	   showed	   increased	   levels	   of	  VEGF,	  IL-­‐6,	   IL-­‐8	  and	  the	  basic	  fibroblast	  growth	  factor	  (bFGF,	  also	  known	  as	  FGF2)	  seven	  days	  after	   injection	   (173).	   Inhibition	   of	   angiogenesis	   by	   blocking	   VEGF	   resulted	   in	   reduced	   tumor	  growth	  in	  animal	  models	  (174).	  	  At	  the	  chromosome	  level,	  multiple	  alterations,	  predominantly	  deletions,	  have	  been	  found	  so	  far.	  Inhaled	  asbestos	  fibres	  can	  interfere	  with	  mitosis	  by	  mechanically	  disrupting	  the	  mitotic	  spindle,	  resulting	   in	   DNA	   strand	   breaks,	   chromosomal	   abnormalities	   and	   aneuploidy	   (175).	   The	  most	  common	  numeric	  alteration	  in	  MPM	  is	  loss	  of	  a	  copy	  of	  chromosome	  22	  (176).	  In	  about	  40-­‐50%	  of	  all	  MPM	  cases,	  the	  gene	  NF2,	  which	  is	  located	  at	  22q12	  and	  coding	  for	  the	  tumor	  suppressor	  Merlin,	   is	   mutated	   or	   inactivated	   by	   homozygous	   deletion	   (177-­‐179).	  	  Another	  frequent	  mutation	  is	  loss	  of	  CDKN2A/ARF	  due	  to	  homozygous	  deletion	  (180-­‐182).	  The	  gene	   CDKN2A/ARF	   is	   located	   at	   9p21	   and	   coding	   for	   two	   proteins	   –	   p16INK4a	   and	   through	   an	  alternative	   transcript	   p14ARF	   –	   which	   are	   both	   important	   negative	   regulators	   of	   cell	   cycle	  progression.	  Previous	   in	  vitro	   studies	  with	  various	  established	  MPM	  cell	   lines	  demonstrated	  a	  loss	   of	   this	   gene	   locus	   by	   homozygous	   deletion	   in	   90%	   of	   the	   tested	   cell	   lines	   (180,	   183).	  Homozygous	  deletion	  of	  p16INK4a	  and	  p14ARF	  further	  affects	  the	  tumor	  suppressive	  pathways	  of	  retinoblastoma	   (Rb)	   and	   p53	  which	   regulate	   the	   cell	   cycle	   (184,	   185).	   In	   numerous	   cell	   lines	  without	  a	  homozygous	  deletion	  of	  CDKN2A/ARF,	  a	  downregulation	  at	  the	  expression	  level	  was	  found	  (180).	  Furthermore,	  re-­‐expression	  of	  p16	  in	  MPM	  cell	  lines,	  that	  were	  subsequently	  used	  for	   xenograft	   experiments,	   resulted	   in	   an	   inhibition	  of	   tumor	   growth,	   reduced	   tumor	   size	   and	  cell	  cycle	  arrest	  as	  well	  as	  cell	  death	  (186).	  Moreover,	  structural	  rearrangements	  of	  1p,	  3p,	  6q	  and	  9p	  are	  also	  often	  detected	  in	  MPM	  cells	  (187,	  188).	  	  Another	  molecular	  characteristic	  of	  MPM	  cells	   is	   the	  high	  expression	  of	   telomerase	  which	  was	  found	  in	  about	  90%	  of	  all	  MPM	  cases,	  leading	  to	  cell	  immortalization	  (189,	  190).	  MPM	  cells	  also	  show	  high	  expressions	  of	  Bcl-­‐XL	  and	  Bax,	  two	  antiapoptotic	  molecules,	  which	  may	  be	  linked	  to	  the	  strong	  chemotherapy	  resistance	  of	  MPM	  cells	  (191,	  192).	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Figure	  5.	  Molecular	  mechanisms	  involved	  in	  the	  development	  of	  MPM	  (193).	  	  
3.4.5 Simian	  Virus	  40	  (SV40)	  The	  contribution	  of	  Simian	  Virus	  40	   (SV40),	   a	  double-­‐strand	  DNA	  virus	  endogenous	   in	   rhesus	  monkeys,	   to	   the	   development	   of	  MPM	   is	   a	   very	   controversial	   issue.	   Animal	  models	   showed	   a	  clear	   association	   between	   exposure	   to	   SV40	   and	   the	   development	   of	   MPM,	   since	   60%	   of	  hamsters	  injected	  intracardially	  with	  the	  virus	  and	  100%	  injected	  intrapleurally	  developed	  MPM	  within	  4-­‐9	  months	  (194).	  	  Inside	  of	  its	  host,	  the	  virus	  produces	  two	  proteins,	  called	  large	  T	  antigen	  (Tag;	  90	  kDa)	  and	  small	  t	  antigen	  (tag;	  17kDa)	  (152).	  The	  large	  T	  antigen	  induces	  structural	  and	  numerical	  alterations	  of	  chromosomes,	   point	  mutations	   and	   inhibits	   p53	   (195)	   and	   Rb	   (196)	   pathways,	  which	   have	   a	  regulatory	  function	  in	  the	  cell	  cycle.	  If	  SV40	  infected	  MPM	  cells	  get	  treated	  with	  antisense	  Tag,	  p53	  gets	  reactivated	  and	  growth	  arrest	  gets	   induced	  (195).	  SV40	  was	  also	  described	  to	   induce	  telomerase	  activity	  in	  MPM	  cells,	  whereas	  this	  effect	  could	  not	  be	  shown	  for	  fibroblasts	  (197).	  The	   transfer	  of	   the	  virus	   from	  monkeys	   to	   the	  human	  population	  may	  have	  occurred	  between	  1955	   and	  1963,	  when	  polio	   vaccines	  were	   contaminated	  with	   SV40	   (198).	   A	  multi-­‐laboratory	  study	  in	  1998	  detected	  SV40	  sequences	  and	  Tag	  expression	  in	  83%	  of	  the	  tested	  MPM	  patients	  (199).	   Other	   studies	   reported,	   that	   SV40	   sequences	   could	   only	   be	   detected	   in	   malignant	  mesothelioma	  cells,	  but	  not	  in	  nearby	  stromal	  cells	  (200,	  201).	  	  Furthermore,	  a	  synergistic	  relationship	  between	  the	  presence	  of	  SV40	  and	  exposure	  to	  asbestos	  to	   the	   development	   of	  MPM	   is	   suggested.	   Eleven	   patients	   suffering	   from	  MPM	  were	   analyzed	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regarding	  exposure	  to	  asbestos	  and	  SV40	  and	  it	  turned	  out	  that	  five	  of	  seven	  patients	  with	  a	  past	  exposure	   to	   asbestos	   were	   positive	   for	   SV40,	   whereas	   none	   of	   the	   patients	   without	   a	   past	  asbestos	   exposure	   were	   positive	   for	   SV40	   (202).	   Experiments	   with	   transgenic	   mice	   and	  hamsters	   also	   demonstrated	   a	   co-­‐cancerogenic	   affect	   of	   SV40	   with	   asbestos	   (203-­‐205).	  	  However,	  the	  published	  numbers	  of	  SV40	  DNA	  sequences	  found	  in	  patients	  suffering	  from	  MPM	  vary	   from	  0%	  to	  90%	  and	   it	   is	   suggested	   that	  high	  numbers	  of	  positive	  results	  may	  be	  due	   to	  contaminations	  with	  other	  laboratory	  plasmids	  (195).	  	  	  
3.4.6 Diagnosis	  Patients	   usually	   suffer	   from	   breathlessness,	   often	   associated	   with	   chest	   wall	   pain	   due	   to	   a	  pleural	  effusion.	  If	  MPM	  is	  suspected,	  it	  is	  recommended	  to	  perform	  an	  endoscopic	  examination	  by	   thorascopy	   in	   combination	  with	   a	   biopsy.	   Computed	   tomography	   (CT;	   Figure	   6),	  magnetic	  resonance	   tomography	   (MRT)	   and	   positron	   emission	   tomography	   (PET)	   can	   also	   be	   used	   for	  imaging,	  detection	  of	  invasion	  into	  the	  chest	  wall	  or	  the	  diaphragm	  and	  for	  confirming	  diagnosis.	  Histology	   helps	   to	   identify	   the	   subtype	   (epithelioid,	   sarcomatoid	   or	   biphasic)	   and	  immunohistochemical	   stainings	   provide	   the	   possibility	   to	   distinguish	   MPM	   from	  adenocarcinoma.	  Additionally,	  occupational	  history	  must	  be	  obtained.	  	  	  	  	  	  	  	  	  	   	  	  	  
3.4.7 Staging	  So	   far,	   no	   standard	   staging	   system	   for	  MPM	   has	   been	   established.	   The	  most	   common	   system	  used	  for	  the	  clinical	  staging	  of	  the	  progress	  of	  MPM	  (Table	  3)	  is	  based	  on	  the	  TNM	  (tumor	  –	  node	  –	   metastasis)	   system	   (Table	   2)	   (3).	   This	   system	   helps	   to	   describe	   the	   size	   of	   the	   tumor	   and	  whether	   it	   is	   resectable	  or	  not	   (T1-­‐T4),	   the	   involvement	  of	   lymph	  nodes	   (NX,	  N1-­‐N3)	   and	   the	  presence	  of	  metastasis	  (MX,	  M0,	  M1).	  	  
Figure	  6.	  Computer	  tomography	  scan	  of	  a	  MPM	  invading	  
the	  chest	  wall	  (3).	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Table	  2.	  TNM	  staging	  system	  for	  MPM	  (3).	  
	  	  
Table	  3.	  Clinical	  staging	  system	  (3).	  
	  
	   18	  
3.4.8 Prognosis	  Usually,	  MPM	  gets	  diagnosed	  rather	  late,	  predominantly	  at	  stage	  II.	  The	  five-­‐year	  survival	  rate	  of	  patients	   suffering	   from	  MPM	   is	   below	  15%	   (206).	   The	  median	   survival	   time	   of	  MPM	  patients	  ranges	  between	  six	  and	  eighteen	  months	  after	  diagnosis	  because	  of	  the	  poor	  response	  to	  current	  therapies	  (8).	  A	  poor	  performance	  status,	  anemia,	   low	  haemoglobin,	  high	  white	  cell	  counts,	  an	  age	  of	  65	  years	  or	  older,	  a	  sarcomatoid	  histological	  subtype	  and	  high	  platelet	  counts,	  as	  well	  as	  hypermethylation	  of	  p16INK4a	  are	  factors	  predicting	  a	  poor	  prognosis	  (207-­‐210).	  Patients	  with	  an	  epithelial	   histological	   subtype	   usually	   have	   a	   better	   prognosis	   and	   live	   a	   few	  months	   longer.	  Combination	  chemotherapy	  including	  antifolates	  seems	  to	  prolong	  the	  median	  survival	  for	  three	  to	  four	  months	  (211).	  Most	  MPM	  patients	  die	  from	  respiratory	  insufficiency	  and	  local	  extension.	  	  	  
3.4.9 Therapy	  So	  far,	  no	  effective	  treatment	  for	  patients	  suffering	  from	  MPM	  has	  been	  found.	  Single	  therapies	  with	   either	   surgery,	   radiation	   therapy	   or	   chemotherapy	   show	   only	   low	   efficiency.	   Current	  therapies	  consist	  of	  surgery,	  adjuvant	  radiation	  and	  chemotherapy,	  combined	  in	  a	  multimodality	  approach	  and	  have	  already	  demonstrated	  an	   improved	  short-­‐term	  and	  also	   long-­‐term	  survival	  rate	   (212-­‐215).	   In	  a	   recent	   follow-­‐up	  study,	  patients	  with	  MPM	  of	   the	  epithelioid	  subtype	  and	  without	  any	   involvement	  of	   the	   lymph	  nodes	  had	  a	  5-­‐year	  survival	  rate	  of	  approximately	  46%	  (213).	  	  	  
3.4.9.1 Surgery	  Currently,	   there	   are	   two	   surgical	   methods	   used	   for	   the	   treatment	   of	   MPM.	   The	   extrapleural	  pneumonectomy	  (EPP)	  is	  a	  radical	  technique	  that	  involves	  the	  complete	  removal	  of	  the	  lung,	  the	  parietal	  and	  visceral	  pleura	  as	  well	  as	   involved	  diaphragm,	  pericardium	  and	  the	  phrenic	  nerve	  (Figure	  7,	   right).	  Removed	  parts	  get	   replaced	  by	  synthetic	  materials,	  usually	  Gore-­‐Tex.	  Lymph	  nodes	  are	  removed	  for	  further	  pathological	  analysis.	  Following	  EPP,	  adjuvant	  therapy	  involving	  radiation	  and	  chemotherapy	  has	   to	  be	  applied.	  Since	   the	   lung	  has	  been	  removed,	  higher	  doses	  can	  be	  used	  for	  adjuvant	  radiation.	  EPP	  is	  more	  effective	  in	  patients	  with	  epithelioid	  histology,	  good	  performance	  status	  and	  early	  stages	  (stage	  I	  or	  stage	  II)	  and	  prognosis	  for	  MPM	  patients	  is	  very	  poor	  if	  extrapleural	  lymph	  nodes	  are	  involved	  or	  for	  sarcomatoid	  or	  biphasic	  histology.	  	  Another	  possible	  surgical	  method	  is	  pleurectomy,	  a	  less	  radical	  method,	  where	  only	  the	  pleura	  gets	   stripped	   off	   the	   lung	   from	   the	   apex	   to	   the	   diaphragm,	  whereas	   the	   lung	   is	   not	   removed	  (Figure	   7,	   left).	   Removed	   parts	   get	   replaced	   by	   synthetic	   materials.	   However,	   complete	  pleurectomy	  could	  not	  show	  a	  prolonged	  survival	  in	  MPM	  patients	  (206).	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3.4.9.2 Radiation	  The	  effects	  of	  radiation	  therapy	  alone	  on	  MPM	  patients	  are	  rather	  disappointing	  and	  a	  prolonged	  survival	  has	  not	  been	  achieved	  so	  far	  (216,	  217).	  Within	  a	  multimodality	  approach,	  radiation	  is	  used	  after	  surgery	  as	  adjuvant	  therapy.	  The	  dose	  of	  radiation	  is	  limited	  due	  to	  nearby	  organs	  like	  the	   lung,	  esophagus,	  heart	  and	  also	   the	   liver.	  After	  EPP,	  higher	  radiation	  doses	  can	  be	  applied,	  since	  the	  lung	  has	  been	  removed.	  	  	  
3.4.9.3 Chemotherapy	  Within	  the	  chemotherapeutical	  treatment	  of	  MPM,	  several	  single	  drugs	  and	  drug	  combinations	  have	  been	  tested	  so	  far,	  but	  MPM	  seems	  to	  be	  rather	  resistant	  against	  chemotherapy.	  In	  a	  meta-­‐analysis	   of	   all	   clinical	   trials	   from	   1965-­‐2001,	   the	   platinum-­‐compound	   cisplatin	   was	   the	  most	  active	  single	  drug	  in	  the	  chemotherapeutical	  treatment	  of	  MPM	  (218).	  Further	  studies	  showed,	  that	   even	   better	   results	   can	   be	   achieved	   with	   a	   combination	   of	   cisplatin	   and	   the	   antifolate	  pemetrexed	  (211).	  	  
Cisplatin	  The	   biological	   and	   cytotoxic	   activity	   of	   cisplatin	   (cis-­‐diammine-­‐dichloro-­‐platinum(II))	   was	  already	   found	   in	   1965,	   when	   Barnett	   Rosenberg	   discovered,	   that	   electrolysis	   of	   platinum	  electrodes	  produces	  cisplatin	  and	  inhibits	  cell	  division	  of	  E.	  coli	  (219).	  Further	  studies	  showed	  a	  potent	  anticancer	  activity	  of	  cisplatin	  and	  today,	  the	  drug	  is	  commonly	  used	  in	  the	  treatment	  of	  cervical,	   ovarian,	   testicular,	   bladder,	   small-­‐cell	   lung	   cancer	   and	   non-­‐small-­‐cell	   lung	   cancer.	  
Figure	  7.	  Removed	  tumor	  tissue	  after	  pleurectomy	  (left)	  versus	  extrapleural	  pneumonectomy	  (right)	  (8).	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The	   antitumor	   activity	   of	   cisplatin	   is	   based	   on	   binding	   to	   the	   DNA	   and	   inducing	   inter-­‐	   and	  intrastrand	  cross-­‐link	  adducts.	  Once	  inside	  the	  cell,	  the	  chloride	  ligands	  of	  cisplatin	  get	  replaced	  by	   water	   molecules,	   leading	   to	   a	   positive	   charge	   of	   the	   platinum-­‐compound,	   which	   can	  subsequently	   interact	  with	  the	  nucleophilic	  sites	  of	  nucleic	  acids	  or	  proteins	  and	  induce	  cross-­‐link	   adducts	   (Figure	   8)	   (6).	   These	   adducts	   inhibit	   DNA	   replication,	   RNA	   transcription,	   chain	  elongation,	   and	   cause	   cell	   arrest	   in	   the	   G2-­‐phase	   of	   the	   cell	   cycle	   and	   apoptosis	   (220-­‐223).	  Unfortunately,	   cisplatin	   is	   able	   to	   cause	   severe	   side	   effects,	   like	   nephrotoxicity,	   neurotoxicity,	  nausea,	  vomiting	  and	  myelosuppression	  (224).	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Pemetrexed	  Pemetrexed	   (Alimta,	   LY231514;	   Figure	   9)	   is	   a	  multitargeted	   antifolate,	   that	   inhibits	   different	   enzymes	  in	   the	   folate	   metabolism	   and	   further	   the	   synthesis	   of	  DNA.	  The	  drug	   is	  an	  analogue	  of	   folic	  acid	  and	   like	   folic	  acid,	   it	   is	  transported	  into	  the	  cell	  via	  the	  reduced	  folate	  carrier	   system	   and	   cell	   membrane	   transporters.	   Once	  inside	   the	   cell,	   pemetrexed	   gets	   polyglutamated	   and	   interferes	   with	   the	   folate-­‐dependent	  enzymes	  thymidylate	  synthase	  (TS),	  glycinamide	  ribonucleotide	  formyltransferase	  (GARFT)	  and	  dihydrofolate	   reductase,	   which	   are	   all	   required	   for	   the	   synthesis	   of	   purine	   and	   thymidine	  nucleotides	  (Figure	  10)	  (1).	  	  Pemetrexed	  is	  the	  first	  FDA	  (Food	  and	  Drug	  Administration)	  approved	  chemotherapeutic	  agent	  for	   the	   treatment	   of	   MPM	   in	   combination	   with	   cisplatin.	   In	   a	   randomized	   trial,	   456	   patients	  suffering	   from	  MPM,	   but	   with	   a	   good	   performance	   status,	   were	   either	   treated	   with	   cisplatin,	  pemetrexed	   or	   a	   combination	   of	   both	   agents.	   In	   order	   to	   reduce	   the	   toxic	   side	   effects	   of	   the	  
Figure	  8.	  Schematic	  overview	  of	  the	  antitumor	  activity	  of	  cisplatin	  (6).	  
Figure	   9.	   Pemetrexed	   sodium	   (Alimta),	  
chemical	  structure	  (9).	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chemotherapy,	   a	   subgroup	   of	   patients	   was	   additionally	   supplemented	   with	   folic	   acid	   and	  vitamin	  B12.	  The	  study	  demonstrated	  a	  survival	  benefit	  and	  improved	  quality	  of	  life	  of	  patients	  who	  were	  treated	  with	  the	  combination	  of	  cisplatin	  and	  pemetrexed	  in	  contrast	  to	  patients	  only	  treated	  with	  cisplatin	  (median	  survival	  of	  12.1	  months	  versus	  9.3	  months).	  Supplementation	  of	  folic	  acid	  and	  vitamin	  B12	  achieved	  a	  further	  prolonged	  survival	  of	  the	  patients	  (13.3	  months	  vs.	  10	  months)	  (9).	  The	  high	  efficiency	  of	  pemetrexed	  in	  the	  therapy	  of	  MPM	  may	  be	  based	  on	  the	  upregulated	  expression	  folate	  transporters	  in	  the	  cell	  membrane	  (225).	  Beside	   MPM,	   pemetrexed	   is	   also	   commonly	   used	   in	   the	   chemotherapy	   of	   non-­‐small-­‐cell	   lung	  cancer,	  head	  and	  neck,	  breast,	  colon,	  pancreas	  and	  bladder	  carcinomas	  (226).	  Toxic	  side	  effects	  of	  pemetrexed	  are	  myelosuppression	  and	  elevated	  levels	  of	  hepatic	  transaminases.	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  
Figure	  10.	  Enzyme	  targets	  of	  pemetrexed	  (1).	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4 Aim	  of	  the	  Study	  	  Malignant	   Pleural	   Mesothelioma	   is	   a	   highly	   aggressive	   tumor,	   strongly	   associated	   with	   past	  asbestos	  exposure,	   followed	  by	  chronic	   inflammation.	  Previous	  studies	  have	  already	  shown	  an	  implication	   of	   growth	   factors	   and	   cytokines	   like	   the	   platelet-­‐derived	   growth	   factor	   (PDGF),	  epidermal	   growth	   factor	   (EGF),	   vascular	   endothelial	   growth	   factor	   (VEGF),	   hepatocyte	   growth	  factor	   (HGF),	   insulin-­‐like	  growth	   factor	   (IGF)	  and	   the	   transforming	  growth	   factor	  β	   (TGF-­‐β)	   in	  MPM	   cells.	   In	   vitro	   and	   in	   vivo	   experiments	   with	   antisense	   oligodeoxynucleotides	   to	   TGF-­‐
βalready	  demonstrated	  inhibition	  of	  cell	  proliferation	  and	  tumor	  growth.	  Activin	  A	  is	  a	  member	  of	  the	  TGF-­‐β	  superfamily	  and	  has	  already	  been	  described	  as	  a	  promoter	  of	  tumor	  aggressiveness	  and	  proliferation	  in	  other	  tumors,	  especially	  thoracic	  tumors.	  High	  levels	  of	   circulating	   activin	   A	   have	   previously	   been	   associated	   with	   chronic	   inflammation.	  	  	  The	   aim	   of	   the	   here	   presented	   study	   was	   to	   investigate	   whether	   deregulation	   of	   activin	   A	  signalling	   contributes	   to	   progression	   of	   Malignant	   Pleural	   Mesothelioma	   and	   whether	   this	  pathway	   can	   be	   exploited	   for	   therapeutic	   implications.	   For	   this	   purpose,	   the	   contribution	   of	  activin	  signals	  and	  their	  impact	  on	  malignant	  growth	  and	  spreading	  was	  analysed	  in	  nine	  MPM	  cell	  models	  in	  contrast	  to	  the	  non-­‐malignant	  SV40	  Tag-­‐immortalized	  mesothelial	  cell	  line	  Met5a	  (196).	  Gene	  expression	  patterns	  of	  activins,	  their	  receptors	  and	  antagonists	  were	  analysed	  and	  cells	   were	   exogenously	   stimulated	   with	   recombinant	   activin	   A.	   Furthermore,	   the	   effects	   of	  down-­‐regulating	   activin	   activity	   via	   small	   molecule	   inhibitors	   (SB-­‐431542,	   A8301)	   as	   well	   as	  siRNA	  targeting	  human	  INHBA	  were	  investigated	  with	  respect	  to	  cell	  proliferation,	  cell	  invasion	  and	  clonogenicity.	  Treatment	  with	  Trichostatin	  A	  and	  5-­‐azacytidine	  was	  performed	  to	  examine	  the	  role	  of	  epigenetic	  regulation	  in	  INHBA	  expression.	  Paraffin	  embedded	  tissues	  derived	  from	  surgical	   biopsies	   and	   specimens	   of	   patients	   at	   the	   Department	   of	   Surgery	   of	   the	   Medical	  University	   of	   Vienna	   suffering	   from	   Malignant	   Pleural	   Mesothelioma	   were	   used	   for	  immunohistochemical	  stainings	  of	  activin	  A,	  further	  confirming	  activin	  expression	  in	  patients.	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5 Material	  und	  Methods	  
5.1 Cell	  Culture	  All	  cell	  lines	  were	  maintained	  in	  a	  humidified	  atmosphere	  at	  37°C	  and	  5%	  CO2.	  Cells	  were	  grown	  in	  Roswell	  Park	  Memorial	  Institute	  medium	  (RPMI),	  Minimum	  essential	  Eagle	  medium	  (MEME),	  Minimum	   essential	   Eagle	  medium	   -­‐	   containing	   1	  mM	   sodium	   pyruvate	   and	   1%	   non-­‐essential	  amino	  acids	   -­‐	   (MNP)	  containing	  10%	  fetal	  calf	  serum	  (FCS).	  For	  a	  complete	   list	  of	  all	  used	  cell	  lines,	  their	  standard	  growth	  medium,	  histological	  subtype	  and	  source	  of	  the	  cell	  lines,	  see	  Table	  4.	  	  	  
Table	  4.	  Cell	  lines	  used	  for	  in	  vitro	  analyses.	  
Cell	  line	   Standard	  Growth	  Medium	   Histological	  Subtype	   Source	  
Met5a	   RPMI	  +	  10%	  FCS	   SV40	  Tag-­‐immortalized	  mesothelial	  cell	  line	   ATCC	  
SPC111	   RPMI	  +	  10%	  FCS	   biphasic	   R.	  Stahel	  University	  of	  Zurich	  
SPC212	   RPMI	  +	  10%	  FCS	   biphasic	   R.	  Stahel	  University	  of	  Zurich	  
CRL5820/NCI-­H28	   RPMI	  +	  10%	  FCS	   epithelial	   ATCC	  
p31	   MEME	  +	  10%	  FCS	   epithelial	   K.	  Grankvist	  Umeå	  University	  
p31cis	   MEME	  +	  10%	  FCS	   epithelial	   K.	  Grankvist	  Umeå	  University	  
I2	   RPMI	  +	  10%	  FCS	   epithelial	   A.	  Catania	  Milano	  
M38K	   RPMI	  +	  10%	  FCS	   biphasic	   V	  L	  Kinnula	  University	  of	  Helsinki	  
VMC6	   RPMI	  +	  10%	  FCS	   epithelial	   W.	  Klepetko	  Medical	  University	  Vienna	  
VMC20	   RPMI	  +	  10%	  FCS	   epithelial	   W.	  Klepetko	  Medical	  University	  Vienna	  
HepG2	   MNP	  +	  10%	  FCS	   Hepatoblastoma	   ATCC	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5.2 Tissue	  Samples	  Between	  01/1993	  and	  01/2010,	  70	  tumor	  tissue	  samples	  were	  derived	  from	  patients	  suffering	  from	   Malignant	   Pleural	   Mesothelioma	   at	   the	   Division	   of	   Thoracic	   Surgery	   at	   the	   Medical	  University	  of	  Vienna.	  All	  samples	  are	  histological	  proven	  as	  Mesothelioma,	  fixed	  in	  formalin	  and	  embedded	   in	   paraffin.	   Sections	   for	   immunohistochemical	   stainings	   were	   cut	   at	   4	   µm	   and	  presence	  of	  tumor	  tissue	  was	  assessed	  by	  hematoxylin	  and	  eosin	  (H&E)	  stainings.	  	  	  
5.3 RNA	  Interference	  
5.3.1 Basic	  siRNA	  Resuspension	  Malignant	   Pleural	   Mesothelioma	   (MPM)	   cell	   lines	   were	   transiently	   transfected	   with	   small-­‐interfering	   RNA	   targeting	   human	   INHBA,	   purchased	   from	   Dharmacon,	   using	   Oligofectamine	  (Invitrogen)	   as	   transfection	   reagent.	   According	   to	   the	   manufacturer’s	   instructions,	   5.0	   nmol	  siRNA	  were	   resuspended	   in	   250	   μl	   nuclease-­‐free	  water	   (Fermentas)	   to	   obtain	   a	   20	   μM	   stock	  solution	  and	  were	  afterwards	  stored	  frozen	  at	  -­‐20°C.	  A	  further	  dilution	  with	  nuclease-­‐free	  water	  was	   made	   in	   order	   to	   obtain	   a	   5	   μM	   working	   stock,	   also	   stored	   frozen	   at	   -­‐20°C.	   Final	  concentration	   used	   for	   the	   knock-­‐down	   of	   INHBA	   expression	   and	   for	   cell	   proliferation	   and	  vitality	   assays	   was	   50	   nM	   in	   all	   experiments.	   Cells	   treated	   with	   the	   same	   concentration	   of	  scrambled	  siRNA	  (Dharmacon)	  instead	  of	  INHBA-­‐targeting	  siRNA	  were	  used	  as	  control.	  	  
5.3.2 Knock-­down	  of	  INHBA	  in	  MPM	  cell	  lines	  Gene	  knock-­‐down	  using	  INHBA-­‐targeting	  siRNA	  was	  done	  in	  duplicates,	  using	  scrambled	  siRNA	  as	  negative	  control.	  The	  day	  before	  transfection,	  cells	  were	  seeded	  in	  a	  6-­‐well	  plate	  (IWAKI)	  at	  a	  density	  of	  2	  x	  105	  cells	  per	  well	  in	  1	  ml	  growth	  medium	  containing	  10%	  FCS.	  The	  next	  day	  10	  μl	  siRNA	   (5	   μM	  working	   stock)	   targeting	   INHBA	   or,	   respectively,	   10	   μl	   scrambled	   siRNA	   (5	   μM	  working	  stock)	  were	  mixed	  with	  240	  μl	  FCS-­‐free	  medium	  in	  a	  1.5	  ml	  Eppendorf	  reaction	  tube.	  In	  a	  separate	  tube	  10	  μl	  Oligofectamine	  were	  mixed	  with	  240	  μl	  FCS-­‐free	  medium.	  Solutions	  were	  vortexed	  and	   incubated	  for	  5	  minutes	  at	  room	  temperature.	  Subsequently	  both	  solutions	  were	  mixed,	  vortexed	  and	  incubated	  at	  room	  temperature	  for	  additional	  20	  minutes.	  In	  the	  meantime,	  the	  old	  medium	  in	  the	  wells	  was	  aspirated	  and	  cells	  were	  washed	  once	  with	  phosphate	  buffered	  saline	   (PBS)	   (PAA).	   Finally	   the	   siRNA	  mixture	   was	   added	   dropwise	   into	   the	   well	   and	   500	   μl	  complete	   medium	   containing	   10%	   FCS	   were	   added	   to	   the	   cells,	   leading	   to	   a	   final	   siRNA	  concentration	   of	   50	   nM.	   Cells	   were	   harvested	   48	   hours	   after	   transfection	   for	   expression	  analyses.	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5.4 Cell	  Treatment	  
5.4.1 Recombinant	  Activin	  A	  For	  different	  kinds	  of	  in	  vitro	  assays,	  cell	  lines	  were	  treated	  with	  recombinant	  protein	  of	  activin	  A	   (R&D	   Systems).	   The	   cytokine	   was	   dissolved	   in	   PBS	   containing	   0.1%	   BSA	   (New	   England	  Biolabs)	   and	   stored	   frozen	   at	   -­‐20°C.	   In	   all	   experiments,	   activin	   A	   was	   further	   diluted	   in	   the	  respective	   growth	   medium	   to	   a	   final	   concentration	   of	   10	   ng/ml.	   Cells	   treated	   with	   equal	  amounts	   of	   PBS	   instead	   of	   activin	   A	   were	   used	   as	   negative	   control.	   During	   long-­‐term	  experiments,	  culture	  medium	  and	  cytokine	  were	  refreshed	  every	  72	  hours.	  	  
5.4.2 Small	  Molecule	  Inhibitors	  SB-­‐431542	  and	  A	  8301	  are	   two	   selective	   inhibitors	   for	   type	   I	   receptors	  of	   activin-­‐like	  kinases	  (197,	  198).	  They	  were	  both	  purchased	  from	  Tocris	  Bioscience,	  dissolved	  in	  DMSO	  (Amresco)	  to	  a	  concentration	  of	  10	  mM	  and	  stored	  frozen	  in	  small	  aliquots	  of	  15	  μl	  at	  -­‐20°C.	  For	  all	  experiments	  the	   inhibitors	  were	  diluted	   in	   the	  respective	  culture	  medium	  to	   final	   concentrations	  of	  20	  μM.	  During	  long-­‐term	  experiments,	  culture	  medium	  and	  inhibitors	  were	  refreshed	  every	  72	  hours.	  	  
5.4.3 Trichostatin	  A	  (TSA)	  and	  5-­Azacytidin	  (5-­AZA)	  The	   histone	   deacetylase	   inhibitor	   Trichostatin	   A	  was	   purchased	   from	   Sigma	   and	   dissolved	   in	  DMSO	   to	   a	   concentration	   of	   3.3	   mM.	   The	   demethylating	   reagent	   5-­‐azacytidin	   was	   purchased	  from	  Sigma	   and	  dissolved	   in	  DMSO	   to	   a	   concentration	   of	   1	  mM.	  Both	   substances	  were	   stored	  frozen	   at	   -­‐20°C	   in	   small	   aliquots	   and	   further	   diluted	   in	   the	   respective	   growth	  medium	  before	  application.	  	  Cells	   were	   seeded	   in	   12-­‐well	   plates	   (IWAKI)	   at	   a	   density	   of	   15	   x	   104	   cells	   per	   well	   in	   1	   ml	  medium	  containing	  10%	  FCS	  and	  incubated	  at	  37°C	  for	  24	  hours.	  All	  experiments	  were	  done	  in	  duplicates	   and	   cells	   treated	   with	   equal	   amounts	   of	   DMSO	   were	   used	   as	   negative	   control.	  	  The	   next	   day,	   medium	   was	   discarded,	   cells	   were	   washed	   once	   with	   PBS	   and	   1	   ml	   FCS-­‐free	  medium	  was	   added	   to	   the	   cells.	   After	   24	   hours	   of	   incubation,	   a	   single	   treatment	   of	   cells	  with	  either	   Trichostatin	   A	   or	   5-­‐azacytidin,	   or	   a	   combination	   treatment	   of	   both	   substances	   was	  performed.	  Medium	  and	  the	  desired	  treatment	  were	  renewed	  every	  48	  hours.	  	  	  For	  single	  treatment,	  cells	  were	  either	  treated	  with	  Trichostatin	  A	  at	  a	  final	  concentration	  of	  300	  nM	  or	  5-­‐azacytidin	  at	  a	  concentration	  of	  5	  μM	  in	  1	  ml	  growth	  medium	  containing	  10%	  FCS.	  Cells	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were	  harvested	  for	  expression	  analysis	  after	  12	  and	  24	  hours	  in	  case	  of	  treatment	  with	  TSA	  or	  after	  48,	  72	  and	  96	  hours	  in	  case	  of	  5-­‐azacytidin.	  	  	  For	  a	  combination	   treatment	  with	  TSA	  and	  5-­‐azacytidin,	   cells	  were	  simultaneously	  exposed	   to	  300	   nM	  TSA	   and	   5	   μM	   5-­‐azacytidin	   and	  were	   harvested	   for	   expression	   analysis	   48,	   72	   or	   96	  hours	  after	  treatment.	  	  	  
5.5 Expression	  Analysis	  
5.5.1 Isolation	  and	  Quantification	  of	  RNA	  For	   the	   isolation	  of	  RNA,	  cells	  were	  either	  seeded	  at	   the	  desired	  cell	  numbers	   in	  6-­‐	  or	  12-­‐well	  plates	   (IWAKI)	   or	   a	   confluent	   tissue	   culture	   flask	   (T25	   (=25cm2))	   was	   directly	   used.	  	  After	  discarding	  the	  medium,	  500	  μl	  TRIzol	  (Invitrogen)	  in	  case	  of	  a	  6-­‐	  or	  12-­‐well	  plate	  or	  1000	  μl	   TRIzol	   in	   case	   of	   a	   tissue	   culture	   flask	   (T25)	   were	   added	   onto	   the	   cell	   layer.	   Following	  incubation	  for	  5	  minutes,	  cells	  were	  transferred	  into	  1.5	  ml	  Eppendorf	  tubes	  and	  chloroform	  was	  added	  at	  a	  quantity	  of	  1/5	  volume	  of	  TRIzol	  used	  (e.g.	  200	  μl	  chloroform	  to	  1000	  μl	  TRIzol).	  The	  reaction	  tubes	  were	  inverted	  for	  about	  15	  seconds	  and	  then	  incubated	  for	  additional	  5	  minutes	  at	  room	  temperature.	  Subsequently,	  the	  samples	  were	  centrifuged	  for	  20	  minutes	  at	  15000	  g	  at	  4°C	   in	  an	  Eppendorf	  Centrifuge	  5417R.	  The	  upper,	  aqueous	  phase	  was	  transferred	  into	  a	   fresh	  reaction	  tube,	  carefully	  avoiding	  the	  transfer	  of	  any	  interphase.	  Isopropanol	  (Merck)	  was	  added	  at	  half	  the	  amount	  of	  TRIzol	  previously	  used.	  After	  vortexing	  the	  tubes	  for	  a	  few	  seconds	  and	  an	  additional	   incubation	  for	  15	  minutes	  at	  room	  temperature,	  samples	  were	  again	  centrifuged	  for	  10	  minutes	  at	  15000	  g	  at	  4°C.	  Supernatant	  was	  discarded	  and	  for	  washing	  the	  precipitated	  RNA	  pellet,	   75%	   ethanol	   (Merck)	   was	   added	   at	   an	   equal	   amount	   of	   TRIzol	   used	   at	   the	   beginning.	  Samples	  were	  centrifuged	  for	  a	  last	  time	  for	  7	  minutes	  at	  15000	  g	  at	  4°C.	  The	  supernatant	  was	  again	  discarded,	  the	  pellet	  air-­‐dried	  and	  finally	  dissolved	  by	  pipetting	  up	  and	  down	  several	  times	  in	  15	  μl	  nuclease-­‐free	  water.	  	  The	  concentration	  of	  the	  purified	  RNA	  was	  quantified	  by	  measuring	  the	  optical	  density	  (OD260)	  on	   a	   NanoDrop	   1000	   spectrophotometer	   (Peqlab)	   and	   the	   quality	   of	   the	   isolated	   RNA	   was	  checked	   by	   agarose	   gel	   electrophoresis.	   For	   further	   analyses,	   only	   intact	   RNA	   of	   high	   quality,	  showing	  sharp	  bands	  of	  28S	  and	  18S	  eukaryotic	  rRNA	  in	  the	  gel	  electrophoresis,	  was	  used.	  All	  RNAs	  were	  stored	  frozen	  at	  -­‐80°C.	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5.5.2 Synthesis	  of	  cDNA	  For	  the	  synthesis	  of	  cDNA,	  2	  µg	  RNA	  were	  diluted	  with	  nuclease-­‐free	  water	  to	  13	  μl	  and	  heated	  up	   for	   denaturation	   to	   70°C	   for	   10	  minutes.	  After	   incubation	  on	   ice	   for	   5	  minutes,	   7	   μl	   of	   the	  cDNA	  Master-­‐Mix	  were	  added	  to	  each	  sample.	  The	  reverse	  transcription	  was	  performed	  at	  42°C	  for	  60	  minutes	  and	  stopped	  by	  incubating	  the	  samples	  at	  70°C	  for	  additional	  10	  minutes.	  Finally	  20	  μl	  nuclease-­‐free	  water	  were	  added	  to	  each	  cDNA	  solution	  and	  samples	  were	  either	  directly	  used	   for	   a	   quality	   check	   by	   RT-­‐PCR	   of	   a	   housekeeping	   gene	   (e.g.	   glyceraldehyde-­‐3	   phosphate	  dehydrogenase	  (GAPDH)	  or	  18s	  rRNA)	  or	  stored	  frozen	  at	  -­‐20°C.	  	  	  
1	  x	  cDNA	  Master-­Mix:	  
Reagents	  (Concentration)	   	   	   	   Volume	  (µ l)	  M-­‐MLV	  RT	  buffer	  (5	  x;	  Fermentas)	   	   	   	   4	  Random	  Hexamer	  Primer	  (0.5	  μg/μl;	  Fermentas)	   	   0.5	  dNTPs	  (10	  mM;	  Fermentas)	   	   	   	   	   1	  Reverse	  Transcriptase	  (Fermentas)	   	   	   	   1	  RiboLock	  RNase-­‐Inhibitor	  (40	  units/μl;	  Fermentas)	   0.5	  
	   	   	   total	  Master-­Mix	  volume	   	   7	  	  
5.5.3 Reverse	  Transcriptase	  –	  Polymerase	  Chain	  Reaction	  (RT-­PCR)	  RT-­‐PCR	   reactions	   were	   performed	   in	   a	   MyCycler	   Thermal	   Cycler	   (Bio-­‐Rad)	   and	   all	   previous	  sample	  preparations	  were	  done	  on	  ice.	  For	  each	  sample,	  1	  μl	  cDNA	  solution	  was	  mixed	  with	  24	  μl	  RT-­‐PCR	  Master-­‐Mix	  and	  shortly	  spinned	  down	  in	  a	  centrifuge	  before	  the	  RT-­‐PCR	  was	  started.	  Reactions	   were	   conducted	   according	   to	   the	   required	   conditions	   of	   the	   primers	   (Table	   5	   and	  Table	   6).	   The	   correct	   RT-­‐PCR	   products	   were	   afterwards	   identified	   by	   the	   specific	   size	   of	   the	  amplified	  fragment	  using	  gel	  electrophoresis.	  	  
1	  x	  RT-­PCR	  Master-­Mix:	  
Reagents	  (Concentration)	   	   	   	   Volume	  (µ l)	  GoTaq	  Green	  Master-­‐Mix	  (Promega)	   	   	   12.5	  Nuclease-­‐free	  water	  (Fermentas)	   	   	   9.5	  Primer	  forward	  (20	  µM)	   	   	   	   1	  Primer	  reverse	  (20	  µM)	   	   	   	   1	  
	   	   	   total	  Master-­Mix	  volume	   24	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Table	  5.	  Standard	  RT-­PCR	  cycling	  parameters.	  
	   Temperature	   Time	  (minutes)	   Repetitions	  
Initial	  Denaturation	   95°C	   02:30	   1	  x	  
Denaturation	   95°C	   00:30	  
Annealing	   49°C	  -­‐	  56°C	   00:30	  
Elongation	   72°C	   01:00	   30	  x	  
Final	  Elongation	   72°C	   07:00	   1	  x	  	  
Table	  6.	  List	  of	  primers	  used	  for	  RT-­PCR.	  
Gene	  of	  Interest	  
Sequences	  of	  Primers	  
sense/antisense	  
Expected	  Size	  of	  
Amplicon	  (bp)	  
Annealing	  
Temperature	  
NM	  Numbers	  
INHBA	  
AAGAAGAGACCCGATGTCAC/	  AGCCGATGTCCTTGAAACTG	   798	   49°C	   NM_002192	  
INHBB	  
GTGAAGCGGCACATCTTG/	  TCACACTGCACGTCTAGG	   526	   52°C	   NM_002193	  
INHBC	  
GTGTCCAGAGCTGCTTTGAGG/	  CCAGCCAATCTCACGGAAGTC	   584	   53°C	   NM_005538	  
INHBE	  
GAGACTACAGCCAGGGAGTG/	  CCCAGTTCCTGGAAGTCTAC	   548	   53°C	   NM_031479	  
INHA	  
TTCCGGCCATCCCAGCATAC/	  CAGCCCACAACCACCATGAC	   548	   53°C	   NM_002191	  
ACVR2	  =	  
ActR2	  
TGGCTCCAGAGGTATTA/	  CGCAACCATCATAGACT	   454	   50°C	   NM_001616	  
ACVR2B	  =	  
ActR2B	  
CTCATCACGGCCTTCCAT/	  AGCGAGCCTCTGCATCAT	   619	   56°C	   NM_001106	  
ACVR1B	  =	  
ALK4	  
CCGGTACACAGTGACAAT/	  CACTCTCGCATCATCTTC	   619	   53°C	   NM_020328	  
ACVR1C	  =	  
ALK7	  
CTCCCTTCCAGAACTGAATG/	  CCACACCTCACCAAATCTAC	   438	   55°C	   NM_145259	  
Follistatin	  
GGAGGACGTGAATGACAAC/	  AGGCTCATCCGACTTACTG	   645	   51°C	   NM_006350	  
Follistatin	  
[199]	  
CCAGCGAGTGTGCCATGAAG/	  TCATCTTCCTCCTCTTCCTCG	   114	  (FS-­‐315)	  378	  (FS-­‐288)	   61°C	   NM_006350	  
FSTL1	  
AGACCACGATGTGGAAACG/	  CCTCCTCATTAGATCTCTTTG	   943	   55°C	   NM_007085	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FSTL3	  
CTGGTGCTCCAGACTGATG/	  CATGTGGCACGAGGAGATG	   649	   55°C	   NM_005860	  
TGF-­β1	  
GCGTGTCCAGGCTCCAAATG/	  TGGCGATACCTCAGCAACCG	   468	   55°C	   NM_000660	  
TDGF1	  =	  
Cripto	  
GGGCTGGGCCATCAGGAATTTG/	  TGGAAGCCACGAGGTGCTCATC	   396	   55°C	   NM_003212	  
Nodal	  
GTTGCTCTGCCCACCAGAAC/	  CAACCCAGCCTGAGGCAATG	   399	   55°C	   NM_018055	  
GAPDH	  
CTGGCGTCTTCACCACCAT/	  GCCTGCTTCACCACCTTCT	   499	   49°C	   NM_002046	  
18s	  rRNA	  
GTATTGCGCCGCTAGAGGTG/	  GGTGCCCTTCCGTCAATTCC	   274	   49°C	   	  	  
5.5.4 SYBR-­Green	  quantitative	  RT-­PCR	  (qRT-­PCR)	  The	  Master-­‐Mix	   for	   SYBR-­‐Green	   quantitative	   RT-­‐PCR	  was	   prepared	   on	   ice.	   All	   reactions	  were	  done	   in	  duplicates	  and	  an	  additional	   reaction	  with	  nuclease-­‐free	  water	   (Fermentas)	   instead	  of	  cDNA	  was	  used	  as	  negative	  control.	  For	  each	  sample,	  2	  µl	  cDNA	  solution	  were	  mixed	  with	  23	  µl	  SYBR-­‐Green	  Master-­‐Mix,	  gently	  vortexed,	  spinned	  down	  and	  divided	  into	  two	  wells	  of	  a	  0.1	  ml	  MicroAmp	  Fast	  Optical	  96-­‐well	  Reaction	  Plate	  (Applied	  Biosystems).	  Plates	  were	  sealed	  with	  a	  MicroAmp	  Optical	  Adhesive	  Film	  (Applied	  Biosystems)	  and	  expression	  analyses	  were	  performed	  using	  an	  ABI	  Prism	  7500	  Fast	  SDS	   thermocycler	   (Applied	  Biosystems).	  For	  cycling	  parameters	  and	  a	  list	  of	  primers	  used	  see	  Table	  6	  and	  Table	  8).	  All	  experiments	  were	  performed	  two	  times.	  To	  validate	   the	   results	  of	   the	  SYBR-­‐Green	  qRT-­‐PCR,	   the	   sizes	  of	   the	   amplified	   fragments	  were	  afterwards	  checked	  by	  agarose	  gel	  electrophoresis.	  	  	  
1	  x	  SYBR-­Green	  qRT-­PCR	  Master-­Mix:	  
Reagents	  (Concentration)	   	   	   	   	   Volume	  (µ l)	  2	  x	  Maxima	  SYBR	  Green	  qPCR	  Master-­‐Mix	  (Fermentas)	   12.5	  Nuclease-­‐free	  water	  (Fermentas)	   	   	   	   8.5	  Primer	  forward	  (20	  µM)	   	   	   	   	   1	  Primer	  reverse	  (20	  µM)	   	   	   	   	   1	  
	   	   	   	   total	  Master-­Mix	  volume	   23	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5.5.5 TaqMan	  quantitative	  RT-­PCR	  (qRT-­PCR)	  The	   Master-­‐Mix	   for	   quantitative	   RT-­‐PCRs	   using	   TaqMan	   probes	   (Applied	   Biosystems)	   were	  prepared	   on	   ice	   and	   all	   reactions	  were	   performed	   in	   duplicates.	   For	   each	   sample,	   2	  µl	   cDNA	  solution	  were	  mixed	  with	   23	  µl	  Master-­‐Mix,	   gently	   vortexed	   and	   spinned	   down.	   Each	   sample	  was	   divided	   into	   2	   wells	   of	   a	   0.1	   ml	   MicroAmp	   Fast	   Optical	   96-­‐well	   Reaction	   Plate	   (Applied	  Biosystems)	  and	  plates	  were	  afterwards	  sealed	  with	  a	  MicroAmp	  Optical	  Adhesive	  Film	  (Applied	  Biosystems).	   The	   qRT-­‐PCR	   reactions	   were	   performed	   in	   an	   ABI	   Prism	   7500	   Fast	   SDS	  thermocycler	  (Applied	  Biosystems)	  and	  fluorescence	  was	  measured	  after	  every	  cycle.	  Standard	  conditions	  and	  TaqMan	  probes	  used	   for	   expression	  analysis	   are	   listed	   in	  Table	  7	  and	  Table	  8.	  The	   housekeeping	   genes	   beta-­‐2	   microglobulin	   (B2M),	   glyceraldehyde-­‐3	   phosphate	  dehydrogenase	  (GAPDH)	  and	  beta-­‐actin	  (ACTB)	  were	  used	  for	  normalization	  and	  evaluation	  of	  gene	   expression	   was	   performed	   by	   applying	   the	   2^(-­‐∆∆CT)	   method	   (227).	   All	   expression	  analyses	  were	  performed	  two	  times.	  	  
1	  x	  TaqMan	  qRT-­PCR	  Master-­Mix:	  
Reagents	  (Concentration)	   	   	   	   Volume	  (µ l)	  2	  x	  Maxima	  Probe	  qPCR	  Master-­‐Mix	  (Fermentas)	   12.5	  Nuclease-­‐free	  water	  (Fermentas)	   	   	   9.25	  TaqMan	  probes	  (Applied	  Biosystems)	   	   1.25	  
	   	   	   total	  Master-­Mix	  volume	   23	  	  
Table	  7.	  TaqMan	  probes	  used	  for	  qRT-­PCR.	  
Gene	  of	  Interest	   TaqMan	  Probe	  Assay	  ID	   Gene	  of	  Interest	   TaqMan	  Probe	  Assay	  ID	  
INHBA	   Hs00170103_m1	   FSTL3	   Hs00610505_m1	  
INHBB	   Hs00173582_m1	   TGF-­β1	   Hs00998133_m1	  
INHBC	   Hs00173745_m1	   TDGF1/Cripto	   Hs02339499_g1	  
INHBE	   Hs00368884_g1	   GAPDH	   Hs99999905_m1	  
INHA	   Hs00171410_m1	   ACTB	   Hs99999903_m1	  
Follistatin	   Hs00246256_m1	   B2M	   Hs00984230_m1	  
FSTL1	   Hs00200053_m1	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Table	  8.	  Standard	  TaqMan	  and	  SYBR-­Green	  qRT-­PCR	  conditions.	  
	   Temperature	   Time	  (minutes)	   Repetitions	  
Initial	  Denaturation	   95°C	   10:00	   1	  x	  
Denaturation	   95°C	   00:15	  
Annealing	   60°C	   00:30	  
Elongation	   72°C	   00:30	  
40	  x	  
	  
5.5.6 Gel	  Electrophoresis	  of	  Nucleic	  Acids	  In	   order	   to	   check	   the	   quality	   of	   isolated	   RNA	   and	   the	   size	   of	   the	   amplified	   fragments	   in	   PCR	  reactions,	   samples	   were	   separated	   using	   agarose	   gel	   electrophoresis	   (GenXpress).	  For	   the	   gel	   preparation,	   1%	   (w/v)	   agarose	   (StarLab)	  was	   solubilised	   in	   1	   x	   Tris-­‐borate-­‐EDTA	  (TBE)	  buffer.	  Samples	  were	  mixed	  with	  the	  appropriate	  amount	  of	  a	  6	  x	   loading	  buffer,	   loaded	  into	   the	   agarose	   gel	   and	   separated	   by	   electrophoresis.	   Depending	   on	   the	   expected	   fragment	  sizes,	   a	   100	   bp	   or	   1000	   bp	   marker	   (Fermentas),	   mixed	   with	   the	   appropriate	   amounts	   of	  nuclease-­‐free	  water	  and	  loading	  buffer,	  was	  additionally	  loaded	  onto	  the	  gel.	  As	  running	  buffer,	  TBE	  was	  used	  at	  the	  same	  concentration	  as	  used	  for	  the	  agarose	  gel.	  Gels	  were	  run	  at	  50	  volts	  for	  10	   minutes,	   and	   then	   run	   at	   90	   volts	   until	   the	   desired	   separation	   of	   the	   nucleic	   acids	   was	  achieved.	  Finally	  a	  Typhoon	  Trio	  (GE	  Healthcare)	  was	  used	  for	  gel	  imaging	  and	  visualisation	  of	  the	  fragment	  bands.	  	  	  
10	  x	  Tris-­borate-­EDTA	  (TBE)	  buffer	  stock	  solution:	  108	  g	  trizma	  base	  (Sigma)	  55	  g	  boric	  acid	  (Sigma)	  40	  ml	  0.5	  M	  EDTA,	  pH	  =	  8.0	  ad	  1	  L	  bd	  H2O	  	  
1	  x	  TBE	  working	  stock:	  	  100	  ml	  10	  x	  TBE	  ad	  1	  L	  bd	  H2O	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6	  x	  loading	  buffer:	  	  333	  µl	  6	  x	  loading	  dye	  (Fermentas)	  250	  µl	  80%	  glycerol	  (Merck)	  66.5	  µl	  0.5	  M	  EDTA	  0.5	  µl	  Vistra	  Green	  10000	  x	  (GE	  Healthcare)	  ad	  1	  ml	  bd	  H2O	  	  
5.6 Cell	  Proliferation	  and	  Cell	  Vitality	  Assays	  
5.6.1 Scratch	  Assay	  Cells	  were	  seeded	  in	  6-­‐well	  plates	  and	  incubated	  at	  37°C	  until	  they	  reached	  full	  confluence.	  Then	  four	  parallel	  scratches	  were	  made	  in	  the	  middle	  of	  the	  well	  using	  a	  yellow	  tip.	  The	  start	  and	  the	  end	  of	  every	  scratch	  were	  marked	  at	  the	  underside	  of	  the	  well	  with	  a	  pen.	  Medium	  was	  removed,	  and	   1500	   µl	   fresh	   culture	  medium,	   containing	   10%	   FCS	   and	   the	   desired	   cell	   treatment,	   were	  added	  into	  the	  well.	  To	  monitor	  the	  migration	  of	  the	  cells,	  every	  scratch	  was	  photographed	  with	  an	   Eclipse	   TE300	  microscope	   (Nikon)	   immediately	   after	   the	   scratch	   and	   also	   4,	   8,	   24	   and	   48	  hours	  later.	  Scratches	  without	  any	  treatment	  in	  the	  medium	  were	  used	  as	  a	  control.	  The	  distance	  of	  the	  cell	  migration	  was	  measured	  using	  Image-­‐J.	  	  
5.6.2 Transwell	  Migration	  Assay	  Another	  method	  to	  test	  cell	  migration	  and	  invasion	  is	  the	  transwell	  migration	  assay.	  25	  000	  cells	  were	  seeded	   in	  500	  µl	  of	   the	   respective	  growth	  medium,	   containing	  10%	  FCS	  and	   the	  desired	  treatment,	   onto	   the	   porous	   membrane	   of	   a	   transwell-­‐chamber	   (24	   well-­‐plate	   format	   (BD	  Falcon)).	   Another	   500	   µl	   medium,	   also	   containing	   10%	   FCS	   and	   the	   desired	   treatment,	   were	  added	   into	   the	   well	   resulting	   in	   a	   total	   volume	   of	   1	   ml.	   After	   an	   incubation	   of	   24	   hours,	  transwell-­‐chamber	  and	  growth	  medium	  were	  removed	  and	  migrated	  cells	  attached	  to	  the	  well	  were	  washed	  carefully	  with	  PBS.	  1	  ml	  fresh	  medium	  without	  any	  treatment	  was	  added	  into	  the	  well	   and	   cells	  were	   incubated	   for	   another	  week	   in	   the	   incubator.	   The	   resulting	   colonies	  were	  finally	   fixed	  with	  1	  ml	  methanol/acetic	   acid	   (3:1)	   for	  20	  minutes	   and	  afterwards	   stained	  with	  crystal	   violet	   (stock:	   10%	   crystal	   violet	   in	   ethanol,	   diluted	   1:1000	   in	   PBS)	   for	   30	   minutes.	  Colonies	  were	  washed	  once	  with	  PBS	  and	  air	  dried	  over	  night.	  All	  experiments	  were	  performed	  in	  duplicates	  and	  cells	  treated	  with	  equal	  amounts	  of	  DMSO	  were	  used	  as	  negative	  control.	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5.6.3 MTT	  Assay	  Cells	  were	  seeded	  in	  triplicates	  in	  a	  96-­‐well	  plate	  at	  a	  density	  of	  2	  x	  103	  cells	  per	  well	  in	  100	  µl	  growth	  medium	  and	  allowed	  to	  recover	  for	  24	  hours.	  The	  next	  day,	  medium	  was	  aspirated	  and	  replaced	  by	  100	  µl	  fresh	  medium	  containing	  the	  desired	  treatment	  and	  cells	  were	  incubated	  for	  72	  hours	  at	  37°C.	  	  	  To	  determine	  the	  proportion	  of	  viable	  cells	  after	  a	  combination	  treatment	  with	  small-­‐interfering	  RNA	   targeting	   human	   INHBA	   and	   the	   cytotoxic	   drug	   cisplatin,	   cells	   were	   seeded	   in	  microtiterplates	  as	  described	  before.	  After	  an	  incubation	  of	  24	  hours,	  cells	  were	  transfected	  with	  siRNA	   targeting	   INHBA	   or,	   respectively,	   with	   scrambled-­‐siRNA	   as	   negative	   control,	   at	   a	   final	  concentration	  of	  50	  nM	   in	  100	  µl	  of	   the	  respective	  growth	  medium	  and	  allowed	  to	  rest	   for	  24	  hours.	   Then	   the	   cytotoxic	   drug	   cisplatin	  was	   added	   to	   the	  medium	   at	   different	   concentration	  ranges	  and	  cells	  were	  incubated	  at	  37°C	  for	  additional	  72	  hours.	  	  	  The	  proportion	  of	  viable	  cells	  was	  determined	  by	  using	  the	  EZ4U	  reagent	  (Biomedica)	  according	  to	   the	   manufacturer’s	   instructions.	   Absorbance	   was	   measured	   at	   450	   nm	   and	   620	   nm	   as	  reference	   using	   a	   SynergyHT	   plate	   reader	   (BioTEK)	   and	   Gen5	   software	   (BioTEK)	   after	   an	  incubation	   of	   1-­‐4	   hours,	   depending	   on	   the	   cell’s	   metabolic	   capacity.	   All	   experiments	   were	  performed	  three	  times.	  	  
5.6.4 Clonogenic	  Assay	  To	  study	  the	  influence	  of	  exogenous	  treatment	  with	  recombinant	  cytokines	  or	  inhibitors	  on	  the	  capacity	  to	  form	  colonies,	  1000	  cells	  per	  well	  were	  seeded	  in	  6-­‐well	  plates.	  After	  incubation	  for	  24	  hours,	  the	  medium	  was	  removed,	  cells	  were	  washed	  once	  with	  PBS	  and	  1.5	  ml	  fresh	  growth	  medium	  containing	  the	  desired	  treatment	  was	  added	  into	  the	  wells.	  	  	  The	  effect	  of	  siRNA	  targeting	  INHBA	  on	  the	  cell	  capability	  to	  form	  colonies	  was	  tested	  in	  12-­‐well	  plates.	  1000	  cells	  were	  seeded	  per	  well,	  incubated	  for	  24	  hours	  and	  transfected	  with	  siRNA	  at	  a	  final	   concentration	   of	   50	   nM	   in	   1	  ml	   of	   the	   respective	   growth	  medium.	   Cells	   transfected	  with	  scrambled-­‐siRNA	  were	  used	  as	  negative	  control.	  	  	  After	   incubation	   for	  10	  days,	   the	  medium	  was	  removed	  and	  cells	  were	  washed	  once	  with	  PBS.	  Colonies	  were	  fixed	  with	  1	  ml	  methanol/acetic	  acid	  (3:1)	  for	  20	  minutes	  and	  afterwards	  stained	  with	  crystal	  violet	  (stock:	  10%	  crystal	  violet	   in	  ethanol,	  diluted	  1:1000	  in	  PBS)	  for	  30	  minutes.	  Finally	  colonies	  were	  washed	  with	  PBS	  for	  a	  last	  time	  and	  air	  dried	  over	  night.	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  For	  a	  photometric	  quantification,	   fixed	  and	  stained	  colonies	  were	   incubated	  with	  1.5	  ml	  of	  2%	  sodium	  dodecylsulfate	  (SDS)	  for	  45	  minutes.	  The	  solution	  was	  afterwards	  pipetted	  in	  triplicates	  into	  a	  microtiterplate	  and	  absorbance	  was	  measured	  at	  562	  nm	  using	  a	  SynergyHT	  plate	  reader	  (BioTEK)	  and	  Gen5	  software	   (BioTEK).	  Unstained	  wells	  without	  any	  cells	  were	  also	   incubated	  with	  2%	  SDS	  for	  blank	  measurements.	  	  	  
5.7 Cell	  Cycle	  Analysis	  For	   cell	   cycle	   analysis	  using	   flow	  cytometry,	   cells	  were	   seeded	   in	  6-­‐well	   plates	   at	   a	  density	  of	  250000	  cells	  per	  well	  in	  1	  ml	  growth	  medium	  containing	  10%	  FCS,	  and	  were	  allowed	  to	  rest	  for	  24	  hours.	  After	  this	  incubation	  period,	  medium	  was	  removed	  and	  replaced	  by	  1	  ml	  fresh	  medium	  and	  the	  desired	  treatment.	  Cells	  without	  any	  treatment	  were	  used	  as	  negative	  control.	  After	  an	  incubation	   for	   24	   hours,	   cells	   were	   washed	   once	   with	   PBS,	   suspended	   in	   5	   ml	   cold	   PBS	   and	  transferred	  into	  a	  15	  ml	  round-­‐bottom	  tube	  (BD	  Falcon)	  and	  centrifuged	  at	  800	  rpm	  at	  4°C	  for	  10	  minutes.	  The	  supernatant	  was	  discarded,	  cells	  were	  resuspended	  carefully	  in	  3	  ml	  cold	  70%	  ethanol	  and	  fixed	  for	  30	  minutes	  at	  4°C.	  Subsequently	  cells	  were	  centrifuged	  for	  10	  minutes	  at	  800	  rpm	  at	  4°C	  and	  supernatant	  was	  again	  discarded.	  The	  cell	  pellet	  was	  resuspended	   in	  2	  ml	  cold	  PBS	  and	  centrifuged	  for	  a	  last	  time	  at	  800	  rpm	  at	  4°C	  for	  10	  minutes.	  The	  supernatant	  was	  discarded	  again	  and	  cells	  were	   finally	   resuspended	   in	  0.5	  ml	  staining	  solution	  and	   transferred	  into	  5	  ml	  round-­‐bottom	  tubes	  (BD	  Falcon).	  After	  incubation	  for	  10	  minutes	  at	  4°C,	  fluorescence	  was	   measured	   by	   flow	   cytometry	   (FACS	   Calibur	   –	   Becton	   Dickinson).	   Each	   experiment	   was	  performed	  in	  duplicates.	  	  
1	  x	  flow	  cytometry	  staining	  solution:	  0.5	  ml	  PBS	  (PAA)	  25	  µg	  RNase	  A	  (10	  mg/ml)	  (Sigma)	  25	  µg	  propidiumiodide	  (2.5	  mg/ml)	  (Calbiochem)	  	  
5.8 Protein	  Analysis	  
5.8.1 Total	  Protein	  Isolation	  In	   order	   to	   test	   whether	   different	   cell	   signaling	   pathways	   like	   the	   SMAD2	   pathway	   can	   get	  phosphorylated	   in	   Malignant	   Pleural	   Mesothelioma	   cells	   by	   an	   exogenous	   treatment	   with	  recombinant	   activin	   A	   (201-­‐203),	   total	   cell	   proteins	   were	   collected	   after	   a	   treatment	   for	   30	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minutes.	  For	  every	  tested	  cell	  line,	  total	  proteins	  of	  cells	  treated	  with	  equal	  amounts	  of	  PBS	  were	  used	  as	  negative	  control.	  	  For	   the	   isolation	   of	   non-­‐secreted	   proteins,	   cells	   were	   seeded	   in	   6-­‐well	   plates	   at	   a	   density	   of	  500000	  cells	  per	  well	  in	  1	  ml	  growth	  medium	  containing	  10%	  FCS.	  After	  incubation	  for	  24	  hours,	  culture	   medium	   was	   removed,	   cells	   were	   washed	   with	   PBS	   and	   1	   ml	   FCS-­‐free	   medium	  containing	  recombinant	  activin	  A	  at	  a	  final	  concentration	  of	  20	  ng/ml	  was	  added	  into	  the	  wells.	  After	  an	  additional	  incubation	  for	  30	  minutes	  in	  the	  incubator,	  total	  cell	  proteins	  were	  isolated	  by	  lysis	  buffer	  for	  further	  analysis.	  	  	  Culture	  plates	  were	  put	  on	  ice,	  medium	  was	  removed,	  cells	  were	  washed	  once	  with	  cold	  PBS	  and	  afterwards	   collected	  by	   scraping	   into	  1.5	  ml	   fresh	  PBS.	   Suspension	  was	   transferred	   into	   a	   1.5	  Eppendorf	   tube	  and	  centrifuged	  for	  5	  minutes	  at	  200	  g	  at	  4°C.	  Supernatant	  was	  discarded	  and	  the	  cell	  pellet	  was	  carefully	  resuspended	  in	  45	  µl	  lysis	  buffer	  by	  pipetting	  up	  and	  down	  several	  times.	  The	  suspension	  was	  incubated	  on	  ice	  for	  5	  minutes	  and	  after	  a	  sonification	  for	  5	  minutes	  (Bandelin)	   centrifuged	   for	   a	   last	   time	   for	   5	   minutes	   at	   12000	   g	   at	   4°C	   in	   order	   to	   remove	  insoluble	   components.	   Finally	   the	   aqueous	   supernatant	   was	   transferred	   into	   a	   fresh	   1.5	  Eppendorf	  tube	  and	  stored	  frozen	  at	  -­‐20°C.	  	  
Lysis	  buffer:	   1	  mM	  EDTA	  150	  mM	  NaCl	  (Merck)	  0.5	  mM	  Na3VO4	  (Sigma)	  1.5	  mM	  MgCl2	  (Fluka)	  10%	  glycerol	  (Merck)	  50	  mM	  HEPES	  (USB)	  10	  mM	  NaF	  (Sigma)	  1%	  Triton	  X-­‐100	  (Serva)	  	  
5.8.2 Determination	  of	  Protein	  Concentration	  The	   concentration	   of	   isolated	   proteins	   was	   determined	   by	   Bradford	   Assay	   (Bio-­‐Rad	   Protein	  Assay).	  Therefore	  a	  series	  of	  protein	  standards	  using	  bovine	  serum	  albumin	  (BSA),	   lysis	  buffer	  and	  distilled	  water	  were	  pipette	   in	  duplicates	   into	  a	  microtiterplate	  (Greiner)	  according	  to	   the	  scheme	  shown	  in	  Table	  9.	  For	  each	  sample,	  1	  µl	  of	  the	  protein	  solution	  and	  9	  µl	  of	  distilled	  water	  were	   also	   pipetted	   in	   duplicates	   into	   the	   microtiterplate.	   Bradford	   Solution	   (Bio-­‐Rad)	   was	  diluted	   at	   a	   ratio	   of	   1:5	  with	   distilled	  water	   and	   added	   as	  well	   into	   the	  microtiterplate	   at	   an	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amount	  of	  200	  µl	  per	  well.	  After	  an	  incubation	  of	  at	  least	  5	  minutes,	  absorption	  was	  measured	  at	  595	   nm	   using	   a	   SynergyHT	   plate	   reader	   (BioTEK)	   and	   Gen5	   software	   (BioTEK).	   The	   results	  obtained	  from	  the	  protein	  standards	  were	  used	  to	  finally	  calculate	  the	  protein	  concentrations	  of	  the	  samples.	  	  	  
Table	  9.	  Pipetting	  scheme	  for	  determination	  of	  protein	  concentrations	  according	  to	  Bradford	  Assay.	  
	   Distilled	  Water	  (µ l)	   Lysis	  Buffer	  (µ l)	   BSA	  (µg/µ l)	  
Concentration	  
(µg/µ l)	  
Blank	   9	   1	   0	   0	  
Standard	  1	   8	   1	   1	   0.1	  
Standard	  2	   7	   1	   2	   0.2	  
Standard	  3	   6	   1	   3	   0.3	  
Standard	  4	   5	   1	   4	   0.4	  
Standard	  5	   4	   1	   5	   0.5	  
Standard	  6	   3	   1	   6	   0.6	  	  
5.8.3 SDS-­PAGE	  For	   SDS-­‐Page	   (sodium	  dodecyl	   sulphate	  polyacrylamide	  gel	   electrophoresis),	   isolated	  proteins	  were	   loaded	   on	   discontinuous	   polyacrylamide	   gels	   consisting	   of	   10%	   separating	   gel	   and	   5%	  stacking	  gel.	  For	  each	  sample,	  40	  µg	  of	  protein	   lysate	  were	  mixed	  with	  a	  5	  x	  SDS-­‐Page	   loading	  buffer	  and	  heated	  at	  95°C	  for	  5	  minutes	  for	  denaturation	  and	  loaded	  on	  the	  polyacrylamide	  gel.	  5	  
µl	  of	  a	  Page	  Ruler	  Plus	  Prestained	  Protein	  Ladder	  (Fermentas)	  were	  additionally	  loaded	  on	  the	  gel	  as	  a	  marker.	  A	  Mini	  Protean	  3	  system	  was	  used	   for	  gel	  electrophoresis.	  The	  gel	  was	  run	   in	  running	  buffer	  at	  60	  V	  until	  the	  bromophenol	  blue	  tracking	  dye	  had	  reached	  the	  separation	  gel	  and	  then	  run	  at	  110	  V	  until	  the	  running	  front	  reached	  the	  end	  of	  the	  gel.	  	  
 
10%	  SDS-­Page	  separating	  gel:	  3.92	  ml	  bd	  H2O	  2.5	  ml	  1.6	  M	  Tris-­‐HCl,	  pH	  =	  8.8	  3.35	  ml	  30%	  Acrylamid/Bis;	  29:1	  (Bio-­‐Rad)	  200	  µl	  20%	  SDS	  25	  µl	  10%	  APS	  (Merck)	  10	  µl	  Temed	  (Amresco)	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5%	  SDS-­Page	  stacking	  gel:	  3.6	  ml	  bd	  H2O	  0.625	  ml	  0.5	  M	  Tris-­‐HCl,	  pH	  =	  6.8	  0.625	  ml	  30%	  Acrylamid/Bis;	  29:1	  (Bio-­‐Rad)	  100	  µl	  20%	  SDS	  50	  µl	  10%	  APS	  (Merck)	  7.5	  µl	  Temed	  (Amresco)	  	  
5	  x	  SDS-­Page	  loading	  buffer:	  300	  nM	  Tris,	  pH	  =	  6.8	  60%	  (w/v)	  glycerol	  (Merck)	  10%	  SDS	  0.025%	  bromophenolblue	  7%	  β-­‐Mercaptoethanol	  (Aldrich)	  	  
10	  x	  SDS-­Page	  running	  buffer:	  30.3	  g	  trizma	  base	  (Sigma)	  144	  g	  glycine	  (Bio-­‐Rad)	  0.1%	  SDS	  	  
1	  x	  SDS-­Page	  running	  buffer:	  100	  ml	  10	  x	  SDS-­‐Page	  running	  buffer	  ad	  1	  L	  bd	  H2O	  	  
5.8.4 Western	  Blotting	  The	   polyacrylamide	   gels	  were	   blotted	   onto	   a	   PVDF	  membrane	   (Hypond-­‐P,	   GE	  Healthcare)	   for	  further	  analyses	  by	  Western	  blotting.	  Blotting	  was	  performed	  by	  using	  a	  Mini	  Protean	  3	  system	  according	   to	   the	   manufacturer’s	   instructions	   (228).	   Before	   blotting	   was	   started,	   the	   PVDF	  membrane	  was	  shortly	  activated	  with	  methanol,	  washed	  with	  distilled	  water	  and	  equilibrated	  in	  Towbin	  Buffer,	  which	  was	  also	  subsequently	  used	  as	  transfer	  buffer.	  The	  transfer	  of	  the	  proteins	  onto	  the	  PVDF	  membrane	  was	  performed	  over	  night	  in	  a	  fridge	  at	  4°C	  at	  18	  V.	  	  	  The	   next	   day,	   staining	   of	   the	  membrane	  with	   Ponceau	   S	   Solution	  was	   performed	   in	   order	   to	  check	  the	  quality	  of	  the	  transfer	  of	  the	  proteins.	  After	  incubating	  the	  membrane	  in	  the	  staining	  solution	   for	   about	   10	   minutes,	   the	   background	   was	   removed	   by	   rinsing	   the	   membrane	   with	  distilled	  water.	  The	  membrane	  was	  air	  dried	  and	  staining	  was	  subsequently	  documented	  using	  a	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photocopier.	  	  	  The	  membrane	  was	   again	   activated	   in	  methanol,	   washed	  with	   distilled	  water	   and	   afterwards	  blocked	   with	   5%	   skim	   milk	   powder	   (Fluka)	   in1	   x	   Tris	   buffered	   saline	   with	   0.1%	   Tween-­‐20	  (TBST)	  for	  60	  minutes	  on	  a	  shaker	  at	  room	  temperature.	  The	  membrane	  was	  then	  washed	  with	  TBST	   three	   times	   for	   10	  minutes	   and	   subsequently	   incubated	   in	   a	   primary	   antibody	   solution	  (Table	  10)	  over	  night	  at	  4°C.	  	  	  On	   the	   following	   day,	   the	   membrane	   was	   washed	   3	   times	   with	   TBST	   for	   10	   minutes	   and	  afterwards	   incubated	   in	   the	   secondary	  antibody	  solution	   (Table	  11)	   for	  at	   least	  60	  minutes	  at	  room	  temperature	  on	  a	  shaker.	  After	  washing	  the	  membrane	  again	  3	  times	  for	  10	  minutes	  with	  TBST	  and	  once	  with	  1	  x	  Tris	  buffered	  saline	  (TBS),	  proteins	  were	  visualized	  using	  Immun-­‐Star	  WesternC	  Kit	  (Bio-­‐Rad)	  and	  x-­‐ray	  film.	  For	  every	  membrane	  a	  monoclonal	  Anti-­‐β-­‐Actin	  antibody	  (Sigma)	  was	  used	  as	  loading	  control.	  	  
10	  x	  Tris	  buffered	  saline	  (TBS):	  80	  g	  NaCl	  (Merck)	  2	  g	  KCl	  (Merck)	  30	  g	  trizma	  base	  (Sigma)	  ad	  1	  L	  bd	  H2O,	  pH	  =	  7.4	  
	  
1	  x	  Tris	  buffered	  saline	  (TBS):	  100	  ml	  10	  x	  TBS	  ad	  1	  L	  bd	  H2O	  	  
1	  x	  Tris	  buffered	  saline	  with	  0.1%	  Tween-­20	  (TBST):	  100	  ml	  10	  x	  TBS	  900	  ml	  bd	  H2O	  1	  ml	  Tween-­‐20	  (Sigma)	  	  
Ponceau	  S	  Solution:	  0.5	  g/l	  Ponceau	  S	  (Sigma)	  1	  ml/l	  glacial	  acetic	  acid	  (Merck)	  ad	  1	  L	  bd	  H2O	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Table	  10.	  Primary	  antibody	  solutions	  used	  for	  Western	  Blotting.	  
Antibody	   Dilution	   Supplier	   Diluent	  
Size	  of	  Protein	  of	  
Interest	  (kDa)	  
Anti-­Smad2/3	   1:1000	   Cell	  Signaling	   M	   60	  
Anti-­Phospho-­Smad2/3	   1:1000	   Cell	  Signaling	   BSA	   60	  
Anti-­p38	   1:1000	   Santa	  Cruz	  Biotechnology	   BSA	   38	  
Anti-­phospho-­p38	   1:1000	   Santa	  Cruz	  Biotechnology	   BSA	   38	  
Anti-­β-­Actin	   1:4000	   Sigma	   BSA	   42	  
M	  …	  5%	  milk	  powder	  in	  TBST;	  BSA	  …	  3%	  bovine	  serum	  albumin	  in	  TBST	  	  
Table	  11.	  Secondary	  antibody	  solutions	  used	  for	  Western	  Blotting.	  
Antibody	   Dilution	   Supplier	   Diluent	  
Polyclonal	  Goat	  Anti-­
Rabbit	  
Immunglobulins/HRP	  
1:10000	   Dako	   M	  
Anti-­Mouse-­HRP	   1:10000	   Dako	   M	  
M	  …	  5%	  milk	  powder	  in	  TBST	  
	  
5.9 Immunohistochemistry	  Tissue	  sections	  of	  formalin-­‐fixed	  and	  paraffin-­‐embedded	  tumor	  samples	  were	  incubated	  at	  65°C	  for	  10	  minutes.	  Deparaffination	  and	  rehydration	  was	  performed	  by	  incubating	  the	  slides	  twice	  in	  xylol,	   100%	   ethanol,	   70%	   ethanol	   and	   distilled	   water	   for	   1	   minute	   each	   and	   afterwards	   10	  minutes	  in	  0.3%	  H2O2/PBS	  at	  room	  temperature.	  Slides	  were	  additionally	  washed	  two	  times	  in	  PBS	   for	  3	  minutes.	  For	  epitope	  retrieval,	   tissue	  sections	  were	  heated	   for	  10	  minutes	   in	   citrate	  buffer	  (10	  mmol/l,	  pH	  =	  6.0)	  in	  a	  pressure	  cooker.	  Sections	  were	  allowed	  to	  cool	  down	  for	  about	  15	  minutes	  and	  afterwards	  washed	  in	  PBS	  containing	  0.1%	  Tween-­‐20	  for	  3	  minutes.	  Slides	  were	  incubated	  in	  Ultra	  V	  Block	  (UltraVision	  LP)	  for	  5	  minutes	  at	  room	  temperature	  and	  subsequently	  incubated	  with	  an	  antibody	  against	  activin	  A	  (Serotec,	  clone	  E4)	  at	  a	  dilution	  of	  1:100	  for	  1	  hour.	  Then,	   slides	  were	  washed	   two	   times	  with	  PBS	   containing	  0.1%	  Tween-­‐20	  and	   incubated	  with	  Primary	  Antibody	  Enhancer	  (UltraVision	  LP)	   for	  10	  minutes	  and	  again	  washed	  two	  times	  with	  PBS	  containing	  0.1%	  Tween-­‐20.	  After	   incubating	  the	  slides	  with	  horseradish	  peroxidase	  (HRP)	  polymer	   (UltraVision	   LP)	   for	   15	   minutes,	   colour	   was	   developed	   by	   3,3’-­‐diaminobenzidine	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tetrahydrochloride	   (DAB)	   reagent	   (Dako)	   and	   counterstaining	   was	   performed	   using	  hematoxylin.	  Finally,	  entellan	  was	  used	  to	  coverslip	  the	  slides.	  	  	  
5.10 Construction	  of	  a	  Lentivirus	  Overexpressing	  INHBA	  
5.10.1 Gateway	  Recombination	  Cloning	  The	   construction	   of	   a	   lentivirus	   expression	   vector	   for	   overexpressing	   human	   INHBA	   was	  conducted	   using	   the	   Gateway	   recombination	   technology	   (Invitrogen).	   The	   first	   step	   in	   the	  Gateway	   cloning	   strategy	   is	   the	   amplification	   of	   the	   gene	   of	   interest	   via	   RT-­‐PCR,	   which	   gets	  subsequently	   ligated	   into	   an	   entry	   vector,	   containing	   attL	   binding	   sites	   and	   a	   kanamycin	  resistance	   cassette,	   for	   the	   generation	   of	   the	   entry	   clone.	   There	   is	   also	   another	   vector,	   the	   so	  called	   destination	   vector,	   which	   harbours	   attR	   binding	   sites	   and	   an	   ampicillin	   resistance	  cassette.	   As	   a	   next	   step,	   the	   LR	   recombination	   reaction	   is	   carried	   out	   in	   order	   to	   transfer	   the	  gene	  of	   interest	   from	  the	  entry	  clone	   into	  the	  destination	  vector,	  resulting	   in	  the	  generation	  of	  the	  expression	  clone.	  This	  procedure	  occurs	  via	  homolog	   recombination	  between	   the	  attL	  and	  attR	  binding	  sites.	  	  The	  generated	  expression	  clone	  will	  subsequently	  be	  co-­‐transfected	  with	  helper	  plasmids	  (Vira	  Power	  packaging	  mix,	  Invitrogen)	  into	  293FT	  cells	  for	  the	  production	  of	  lentiviral	  particles,	  that	  can	  be	  harvested	  as	  viral	  supernatants	  48	  hours	  after	  transfection.	  	  
5.10.2 Amplification	  of	  the	  Gene	  of	  Interest	  The	   gene	   of	   interest,	   INHBA,	   was	   amplified	   using	   reverse	   transcriptase	   polymerase	   chain	  reaction	  and	  a	  Pfu	  polymerase,	  which	  posseses	  a	  proofreading	  activity.	  1	  µl	  of	  cDNA	  was	  used	  as	  template	  for	  the	  reaction.	  Conditions	  and	  cycle	  parameters	  are	  presented	  in	  Table	  12.	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1	  x	  Master-­Mix	  for	  Pfu-­PCR:	  
Reagents	  (Concentration)	   	   	   	   Volume	  (µ l)	  Pfu	  DNA	  polymerase	  (Fermentas)	   	   	   0.5	  PCR	  buffer	  with	  MgSO4	  (Fermentas)	   	   	   5	  Nuclease-­‐free	  water	  (Fermentas)	   	   	   40.5	  dNTPs	  (10	  mM;	  Fermentas)	   	   	   	   1	  Primer	  forward	  (20	  µM)	   	   	   	   1	  Primer	  reverse	  (20	  µM)	   	   	   	   1	  
	   	   	   total	  Master-­Mix	  volume	   24	  	  
Table	  12.	  Temperature	  conditions	  and	  cycle	  parameters	  for	  RT-­PCR	  with	  Pfu	  polymerase.	  
	   Temperature	   Time	  (minutes)	   Repetitions	  
Initial	  Denaturation	   94°C	   03:00	   1	  x	  
Denaturation	   94°C	   00:50	  
Annealing	   49°C	   00:50	  
Elongation	   72°C	   02:00	   33	  x	  
Final	  Elongation	   72°C	   05:00	   1	  x	  	  
5.10.3 Nucleotide	  Phosphorylation	  of	  the	  PCR	  Product	  For	  a	  direct	   integration	  of	   the	  PCR	  product	   into	  a	   linear	  vector	  backbone	  with	  blunt	  ends,	   the	  PCR	  product	  was	  phosphorylated	  with	  a	  T4	  polynucleotide	  kinase	  (Fermentas).	  15	  µl	  of	  the	  PCR	  reaction	  were	  mixed	  with	  2	  µl	  of	  a	  10	  x	  Reaction	  Buffer	  A	  for	  PNK	  (Fermentas),	  2	  µl	  10	  mM	  ATP	  (Promega)	  and	  1	  µl	  T4	  polynucleotide	  kinase	  (10	  units/µl),	  resulting	  in	  a	  total	  reaction	  volume	  of	   20	  µl.	   The	  mixture	  was	   incubated	   at	   37°C	   for	   20	  minutes	   and	   the	   reaction	  was	   afterwards	  stopped	  by	  incubating	  the	  mixture	  at	  75°C	  for	  10	  minutes.	  	  	  
5.10.4 Gel	  Elution	  and	  DNA	  Purification	  of	  the	  PCR	  Product	  For	   purification	   of	   the	   PCR	   product	   the	   reaction	   mixture	   was	   subjected	   to	   agarose	   gel	  electrophoresis.	  The	  agarose	  gel	  elution	  and	  the	  subsequent	  DNA	  purification	  were	  performed	  using	   a	  Wizard	   SV	   Gel	   and	   PCR	   Clean-­‐Up	   System	   (Promega),	   according	   to	   the	  manufacturer’s	  instructions.	  First	  of	  all,	   the	  DNA	  fragments	  were	  cut	   from	  the	  gel	  with	  a	  scalpel	  and	  weighed.	  Then	  1	  µl	  Membrane	  Binding	  Solution	  was	  added	  for	  every	  mg	  of	  the	  gel	  slice.	  The	  mixture	  was	  incubated	  at	  60°C	  until	  the	  whole	  gel	  slice	  was	  dissolved.	  The	  solution	  was	  afterwards	  pipetted	  onto	  the	  membrane	  of	  a	  SV	  Minicolumn	  that	  had	  previously	  been	  inserted	  into	  a	  Collection	  Tube.	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After	  an	   incubation	   for	  60	   seconds	  at	   room	   temperature,	   the	   reaction	   tube	  was	   centrifuged	  at	  16000	  g	  for	  60	  seconds	  at	  room	  temperature.	  The	  resulting	  flow	  through	  was	  discarded	  and	  700	  
µl	  Membrane	  Wash	  Solution	   (containing	  ethanol)	  were	  pipetted	  onto	   the	  membrane.	  Reaction	  was	  again	  centrifuged	  at	  16000	  g	  at	  room	  temperature	  for	  60	  seconds	  and	  the	  flow	  through	  was	  also	  again	  discarded.	  Then	  another	  500	  µl	  of	  the	  Membrane	  Wash	  Solution	  (containing	  ethanol)	  were	  pipetted	  onto	  the	  membrane	  and	  the	  reaction	  was	  centrifuged	  for	  5	  minutes	  at	  16000	  g	  at	  room	  temperature.	  The	  flow	  through	  was	  discarded	  and	  the	  reaction	  was	  again	  centrifuged	  for	  60	  seconds	  at	  16000	  g	  at	   room	  temperature.	  Subsequently,	   the	  Minicolumn	  was	  added	  onto	  a	  fresh	  1.5	  ml	  Eppendorf	  reaction	  tube,	  30	  µl	  nuclease-­‐free	  water	  (Fermentas)	  were	  added	  onto	  the	  membrane	  and	   the	   reaction	  was	   incubated	  at	   room	   temperature	   for	  60	  seconds.	  The	  DNA	  was	  finally	  eluted	  by	  centrifugation	  for	  60	  seconds	  at	  16000	  g	  at	  room	  temperature	  and	  stored	  frozen	  at	  -­‐20°C.	  	  	  
5.10.5 Determination	  of	  DNA	  Concentration	  For	   the	   determination	   of	   purified	   DNA	   concentrations,	   a	   NanoDrop	   1000	   spectrophotometer	  (PeqLab)	  was	  used.	  Blank	  measurements	  were	  done	  using	  the	  same	  water	  that	  was	  previously	  used	  for	  the	  resuspension	  of	  the	  DNA.	  	  	  
5.10.6 Ligation	  The	   ligation	  of	   the	   insert	   into	  the	  vector	  backbone	  was	  done	  using	  the	  Rapid	  DNA	  Ligation	  Kit	  (Fermentas).	  For	  the	  ligation	  approach,	  the	  DNA	  solution	  of	  the	  vector	  backbone	  was	  mixed	  with	  a	   3	   times	   and	   a	   5	   times	   molar	   excess	   of	   the	   insert	   DNA,	   T4	   DNA	   Ligase	   (5	   units/µl),	   Rapid	  Ligation	   Buffer	   (5	   x)	   and	   distilled	  water,	   resulting	   in	   a	   total	   volume	   of	   10	  µl.	   Reactions	  were	  incubated	  at	  25°C	  for	  10	  minutes	  and	  afterwards	  transformed	  into	  competent	  E.	  Coli	  cells.	  	  
5.10.7 Transformation	  of	  Competent	  E.	  Coli	  Competent	  E.	  coli	  were	  slowly	  thawed	  on	  ice.	  Then	  3	  µl	  of	  the	  ligation	  mix	  were	  mixed	  with	  100	  
µl	  competent	  cells	  and	  incubated	  on	  ice	  for	  20	  minutes.	  The	  heat-­‐shock	  was	  performed	  at	  42°C	  for	  60	  seconds,	  followed	  by	  an	  addition	  of	  1	  ml	  cold	  SOC	  medium	  and	  an	  incubation	  on	  a	  shaking	  thermo-­‐block	  at	  37°C	  and	  400	  rpm	  for	  at	  least	  1.5	  hours.	  Then	  the	  suspension	  was	  centrifuged	  at	  4000	  rpm	  at	  room	  temperature	  for	  3	  minutes.	  The	  supernatant	  was	  discarded	  and	  bacteria	  were	  finally	  plated	  on	  LB	  agar	  plates	  containing	  50	  µg/ml	  kanamycin	  (Fluka).	  Plates	  were	  incubated	  over	  night	  at	  37°C	  in	  a	  humidified	  incubator	  (Heraeus).	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LB	  agar	  plates	  (Lysogeny	  Broth):	  20	  g	  LB	  Broth	  (Sigma)	  15	  g	  agar	  (Fluka)	  ad	  1	  L	  bd	  H2O	  	  
SOB	  medium	  (Super	  Optimal	  Broth):	  20	  g	  tryptone	  (Fluka)	  5	  g	  yeast	  extract	  (Oxoid)	  0.5	  g	  NaCl	  (Merck)	  ad	  1	  L	  bd	  H2O	  	  
SOC	  medium	  (Super	  Optimal	  Broth	  with	  glucose):	  SOB	  medium	  20	  mM	  glucose	  (Merck)	  	  
5.10.8 Boiling	  Lysis	  Plasmid	  Preparation	  Colonies	   were	   picked	   from	   the	   LB	   agar	   plates	   and	   grown	   in	   5	   ml	   LB	   medium	   containing	   50	  
µg/ml	  kanamycin	  (Fluka)	  in	  round-­‐bottom	  tubes	  (BD	  Falcon)	  on	  a	  shaker	  at	  37°C	  and	  200	  rpm.	  On	   the	   following	   day,	   1.5	  ml	   cell	   suspension	  were	   transferred	   to	   a	   1.5	  ml	   Eppendorf	   reaction	  tube	   and	   centrifuged	   at	   16000	   g	   for	   60	   seconds	   at	   room	   temperature.	   The	   supernatant	   was	  discarded	  and	   the	  pellet	   resuspended	   in	  700	  µl	   STET-­‐buffer.	  Then	  13	  µl	   lysozyme	  (10	  mg/ml;	  Sigma)	  were	  added	  to	  the	  solution,	  the	  reaction	  tube	  was	  inverted	  several	  times	  and	  heated	  to	  100°C	  for	  2	  minutes.	  After	  this	  the	  suspension	  was	  centrifuged	  again	  at	  16000	  g	  for	  10	  minutes	  at	  room	  temperature	  and	  the	  resulting	  pellet	  was	  carefully	  removed	  with	  a	   toothpick	  that	  had	  previously	   been	   tipped	   into	   RNase	   A	   (10	   mg/ml;	   Sigma).	   For	   the	   DNA	   precipitation,	   700	   µl	  isopropanol	  (Merck)	  were	  added	  to	  the	  solution	  and	  the	  whole	  mixture	  was	  incubated	  at	  -­‐20°C	  for	  20	  minutes.	  The	  DNA	  was	  pelleted	  by	  centrifugation	  for	  15	  minutes	  at	  16000	  g	  at	  4°C.	  The	  supernatant	  was	  discarded,	  the	  DNA	  pellet	  was	  washed	  with	  500	  µl	  of	  70%	  ethanol	  and	  pelleted	  again	   at	  16000	  g	   for	  5	  minutes	   at	   room	   temperature.	  The	   supernatant	  was	   removed	   carefully	  and	  the	  DNA	  pellet	  was	  air	  dried	  and	  finally	  resuspended	  in	  15	  µl	  TE-­‐buffer.	  	  	  
LB	  medium:	   20	  g	  LB	  Broth	  (Sigma)	  ad	  1	  L	  bd	  H2O	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STET-­buffer:	   25	  ml	  1	  M	  Tris/HCl	  (pH	  =	  8.0)	  50	  ml	  0.5	  M	  EDTA	  (pH	  =	  8.0)	  40	  g	  sucrose	  (USB)	  25	  ml	  Triton-­‐X	  100(Serva)	  ad	  500	  ml	  bd	  H2O	  	  
TE-­buffer:	   100	  mM	  Tris	  10	  mM	  EDTA,	  pH	  =	  8.0	  	  
5.10.9 Glycerol	  Stocks	  For	  a	   long-­‐term	  storage	  of	   transformed	  bacterial	  cultures,	   cells	  were	  stored	   frozen	  at	   -­‐80°C	  as	  glycerol	  stocks.	  For	  this,	  700	  µl	  of	  the	  overnight	  bacterial	  culture	  were	  mixed	  with	  300	  µl	  80%	  glycerol	  (Merck)	  and	  immediately	  stored	  frozen	  at	  -­‐80°C.	  	  	  
5.10.10 Diagnostic	  Restriction	  Digest	  A	   diagnostic	   restriction	   digest	   was	   performed	   to	   identify	   a	   plasmid,	   either	   using	   one	   or	   two	  restriction	  enzymes.	   If	  only	  one	  enzyme	  was	  used	   for	   the	  digest,	  1	  µl	  of	   the	  DNA	  solution	  was	  mixed	  with	  7.5	  µl	  nuclease-­‐free	  water,	  0.5	  µl	  of	  the	  restriction	  enzyme	  and	  1	  µl	  of	  the	  respective	  buffer	  (10	  x),	  resulting	  in	  a	  total	  volume	  of	  10	  µl.	  The	  mixture	  was	  incubated	  at	  37°C	  for	  about	  2	  hours,	  or	  in	  case	  of	  Fast-­‐Digest	  reagents,	  the	  mixture	  was	  incubated	  for	  about	  20	  minutes.	  	  	  If	  two	  restriction	  enzymes	  were	  used	  in	  combination,	  0.5	  µl	  of	  both	  enzymes,	  1	  µl	  of	  a	  10	  x	  Tango	  buffer	   for	   double	   digest	   (Fermentas)	   were	   used	   and	   the	   amount	   of	   nuclease-­‐free	   water	   was	  reduced	   to	   7	   µl.	   The	   mixture	   was	   incubated	   at	   37°C	   for	   2	   hours.	   For	   the	   verification	   of	   the	  correct	  plasmid,	  the	  whole	  approach	  was	  afterwards	  subject	  to	  gel	  electrophoresis.	  	  
5.10.11 Plasmid	  Minipreps	  for	  DNA	  Purification	  For	   the	   isolation	   of	   high-­‐quality	   plasmid	   DNA,	   a	   Wizard	   Plus	   SV	   Minipreps	   DNA	   Purification	  System	  (Promega)	  was	  used	  according	  to	  the	  manufacturer’s	  constructions.	  First	  of	  all,	  1.5	  ml	  of	  overnight	   bacterial	   culture	   were	   transferred	   into	   an	   Eppendorf	   tube	   and	   centrifuged	   for	   5	  minutes	  at	  16000	  g	  at	  room	  temperature.	  The	  supernatant	  was	  discarded,	  another	  1.5	  ml	  of	  the	  same	  overnight	  bacterial	  culture	  were	  added	  into	  the	  tube	  and	  centrifugation	  was	  repeated.	  The	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resulting	   supernatant	   was	   discarded	   and	   the	   pellet	   was	   resuspended	   in	   250	   µl	   Cell	  Resuspension	  Solution.	  250	  µl	  Cell	  Lysis	  Solution	  was	  additionally	  added	   into	  the	  solution	  and	  the	  tube	  was	   inverted	  several	   times.	  Then	  10	  µl	  Alkaline	  Protease	  Solution	  was	  added	  and	  the	  whole	   mixture	   was	   incubated	   at	   room	   temperature	   for	   5	   minutes,	   after	   inverting	   the	   tube	  several	   times.	  As	   a	  next	   step,	   350	  µl	  Neutralization	   Solution	  was	   added	   and	   the	   reaction	   tube	  was	   again	   inverted	   several	   times	   and	   centrifuged	   at	   16000	   g	   for	   10	   minutes	   at	   room	  temperature.	   The	   supernatant	   was	   pipetted	   onto	   the	  membrane	   of	   the	   spin	   column	   that	   had	  previously	   been	   inserted	   into	   the	   Collection	   tube,	   and	   centrifuged	   at	   16000	   g	   for	   1	  minute	   at	  room	  temperature.	  The	  flow	  through	  was	  discarded	  and	  750	  µl	  of	  the	  Wash	  Solution	  (containing	  ethanol)	  was	  pipetted	  onto	  the	  membrane.	  The	  reaction	  was	  centrifuged	  for	  1	  minute	  at	  16000	  g	  at	   room	   temperature,	   flow	   through	   was	   discarded	   and	   centrifugation	   was	   repeated	   for	   2	  minutes	  after	  pipetting	  250	  µl	  Wash	  Solution	  (containing	  ethanol)	  onto	  the	  membrane.	  The	  Spin	  column	   was	   afterwards	   inserted	   into	   a	   new	   1.5	   ml	   Eppendorf	   tube	   and	   centrifuged	   at	   room	  temperature	  for	  1	  minute	  at	  16000	  g.	  Finally	  the	  DNA	  was	  collected	  by	  adding	  50	  µl	  nuclease-­‐free	  water	  into	  the	  Spin	  Column	  and	  a	  centrifugation	  for	  1	  minute	  at	  16	  000	  g.	  	  	  
5.10.12 LR	  Recombination	  Reaction	  For	   the	   LR	   recombination	   Reaction	   50	   ng	   of	   the	   entry	   clone	   were	   mixed	   with	   75	   ng	   of	   the	  destination	   vector	   and	   TE	   to	   a	   total	   volume	   of	   4	  µl.	   After	   the	   addition	   of	   1	  µl	   of	   Gateway	   LR	  Clonase	  II	  enzyme	  mix,	  the	  reaction	  was	  incubated	  at	  25°C	  for	  1	  hour.	  Then	  1	  µl	  proteinkinase	  K	  (Invitrogen)	  was	   added	   and	   reaction	  was	   incubated	   at	   37°C	   for	   10	  minutes	  und	   subsequently	  transformed	  into	  Stbl3	  E.	  coli	  cells	  (Invitrogen).	  	  	  
5.10.13 Transformation	  of	  Stbl3	  E.	  coli	  Stbl3	  E.	  coli	  cells	  (Invitrogen)	  were	  slowly	  thawed	  on	  ice.	  2.5	  µl	  of	  the	  LR	  recombination	  reaction	  were	  mixed	  with	  25	  µl	   Stbl3	  E.	   coli	   cells	   and	   incubated	  on	   ice	   for	  30	  minutes.	  The	  heat-­‐shock	  was	   performed	   at	   42°C	   for	   60	   seconds	   and	   cells	   were	   afterwards	   put	   on	   ice	   for	   2	   minutes.	  Subsequently,	   250	  µl	   SOC	  medium	   (Invitrogen)	  were	   added	   and	   reaction	  was	   incubated	   on	   a	  shaking	  thermo-­‐block	  for	  1	  hour	  at	  37°C	  and	  300	  rpm.	  Subsequently,	  cells	  were	  centrifuged	  at	  2000	  g	  for	  3	  minutes	  and	  finally	  plated	  on	  LB	  agar	  plates	  containing	  50	  µg/ml	  ampicillin	  (Roche)	  and	  incubated	  over	  night	  at	  37°C.	  The	  next	  day,	  colonies	  were	  picked	  and	  the	  plasmid	  DNA	  was	  isolated	   using	   a	   Wizard	   Plus	   SV	   Minipreps	   DNA	   Purification	   System	   (Promega)	   as	   described	  before.	  The	  result	  of	  the	  LR	  recombination	  reaction	  was	  controlled	  using	  diagnostic	  restriction	  digests	  of	  the	  isolated	  plasmids.	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5.11 Statistical	  Analysis	  Statistical	   analysis	   and	   calculations	   were	   performed	   using	   GraphPad	   Prism	   5.0	   software	  (GraphPad	   Software	   Inc.).	   For	   the	   evaluation	   of	   significance,	   t-­‐tests	  were	   performed	   and	   a	   p-­‐value	   of	   0.05	  was	   set	   as	   threshold	   significance	   level.	   P-­‐values	   below	   0.001	  were	   regarded	   as	  
highly	  significant	  (labelled	  as	  ***),	  p-­‐values	  from	  0.001	  to	  0.01	  as	  very	  significant	  (labelled	  as	  **)	  and	   p-­‐values	   between	   0.01	   and	   0.05	  were	   regarded	   as	   significant	   (labelled	   as	   *).	   All	   p-­‐values	  higher	  0.05	  were	  seen	  as	  not	  significant.	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6 Results	  
6.1 Activin	  Family	  Proteins	  are	  Expressed	  in	  MPM	  Cell	  Lines	  
6.1.1 Reverse	  Transcriptase	  Polymerase	  Chain	  Reaction	  (RT-­PCR)	  The	  mRNA	  transcript	   levels	  of	  all	   four	  mammalian	  activin	  subunits	  (beta	  A,	  beta	  B,	  beta	  C	  and	  beta	  E),	  activin	  type	  I	  and	  type	  II	  receptors	  (ALK4,	  ALK7,	  ACVR2,	  ACVR2B),	  activin	  antagonists	  (Follistatin,	  FSTL1,	  FSTL3,	  INHA,	  Cripto)	  as	  well	  as	  related	  related	  TGF-­‐β	  family	  members	  (TGF-­‐
β,	  Nodal),	  were	  analyzed	  using	  RT-­‐PCR	  (Figure	  11).	  Analyses	  were	  performed	  in	  nine	  MPM	  cell	  lines,	   in	   contrast	   to	   the	   SV40	   Tag	   immortalized	   non-­‐malignant	   cell	   line	   Met5a.	   The	   activin	  subunit	  beta	  C,	  encoded	  by	  the	  gene	  INHBC,	  and	  the	  activin	  type	  I	  receptor	  ALK7	  could	  not	  be	  detected	   at	   30	   cycles	   in	   any	   of	   the	   tested	   cell	   line,	   whereas	   the	   other	   activin	   subunits	   were	  detected	   in	   almost	   all	   cell	   lines.	   TGF-­‐beta,	   the	   activin	   type	   I	   receptor	   ALK4	   and	   the	   type	   II	  receptors	   ACVR2	   and	   ACVR2B	   were	   expressed	   in	   all	   cell	   lines.	   Concerning	   the	   activin	  antagonists,	   both	   splice	   variants	   of	   Follistatin,	   as	   well	   as	   FSTL1	   and	   Cripto	   were	   detected	   in	  nearly	  all	  cell	  lines,	  whereas	  FSTL3	  could	  only	  be	  detected	  in	  some	  of	  them.	  	  	  
	  
Figure	  11.	  Expression	  analysis	  of	  activin	   family	  members	  and	  receptors	  by	  
RT-­PCR	   in	   nine	   MPM	   cell	   lines	   and	   the	   SV40	   Tag	   immortalized	   non-­
malignant	  cell	  line	  Met5a.	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6.1.2 TaqMan	  &	  SYBR-­Green	  Quantitative	  RT-­PCR	  As	   a	   next	   step,	   the	   relative	   expression	   levels	   of	   the	   genes	   previously	   analyzed	   by	   RT-­‐PCR	  analyzed	  genes	  were	  determined	  using	  TaqMan	  and	  SYBR-­‐Green	  quantitative	  RT-­‐PCR	  and	   the	  2^(-­‐ΔΔct)	  method.	   For	   each	  analyzed	  gene,	   the	   expression	   level	   of	   the	  non-­‐malignant	   cell	   line	  Met5a	   was	   taken	   as	   reference.	   The	   average	   expression	   levels	   of	   two	   house-­‐keeping	   genes	  (GAPDH,	  ACTB)	  was	  calculated	  and	  used	  for	  normalization	  (Figure	  12).	  	  	  
	  	  	  	  
6.1.2.1 Expression	  of	  the	  Activin	  Subunits	  The	   expression	   analysis	   of	   the	   activin	   subunits	   by	   quantitative	   RT-­‐PCR	   using	   TaqMan	   probes	  revealed,	   that	   there	   is	   a	   high	   expression	   of	   INHBA	   and	   INHBC	   in	   all	   MPM	   cell	   lines,	   in	  comparison	  to	  the	  Met5a.	  The	  activin	  subunit	  beta	  B	  was	  found	  to	  be	  highly	  expressed	  in	  nearly	  all	   tested	   cell	   lines,	   except	   the	   cisplatin	   resistant	   cell	   line	   p31cis,	   which	   showed	   a	   lower	  expression	   in	   comparison	   to	   the	   Met5a.	   The	   expression	   of	   INHBE	   was	   downregulated	   in	   the	  majority	  of	   the	  MPM	  cell	   lines,	  but	  also	  upregulated	   in	   contrast	   to	   the	  Met5a	   in	   some	  of	   them	  (Figure	  13).	  	  	  
Figure	   12.	   Avarage	   expression	   levels	   of	  
GAPDH	  and	  ACTB.	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Figure	  13.	  Expression	  levels	  of	  the	  four	  mammalian	  activin	  subunits	  determined	  by	  qRT-­PCR.	  	  
6.1.2.2 Expression	  of	  the	  Activin	  Antagonists	  The	   expression	   of	   the	   activin	   antagonist	   follistatin	  was	   found	   to	   be	   upregulated	   in	   five	   tested	  MPM	   cell	   lines	   and	   downregulated	   in	   four	   cell	   lines,	   in	   contrast	   to	   the	   Met5a.	   The	   follistatin	  related	   genes	   FSTL1	   and	   FSTL3	   were	   downregulated	   in	   the	   majority	   of	   the	   cell	   lines.	  Upregulated	   expression	   levels	   of	   INHA	   and	   TGF-­‐beta	  were	   found	   in	   almost	   all	  MPM	   cell	   lines	  (Figure	  14).	  	  	  
	  
Figure	  14.	  Relative	  expression	  levels	  of	  the	  activin	  antagonists	  Follistatin,	  FSTL1,	  FSTL3,	  INHA,	  Cripto,	  
and	  of	  Nodal	  and	  TGF-­beta	  determined	  by	  qRT-­PCR	  (TaqMan	  and	  SYBR-­Green).	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6.1.2.3 Expression	  of	  the	  Activin	  Receptors	  Type	  I	  and	  Type	  II	  The	  expression	  levels	  of	  the	  activin	  type	  I	  and	  type	  II	  receptors	  (type	  I:	  ALK4	  and	  ALK7;	  type	  II:	  ACVR2	   and	   ACVR2B)	   were	   determined	   by	   SYBR-­‐Green	   qRT-­‐PCR	   (Figure	   15).	   The	   gene	  expression	   levels	   of	   the	   non-­‐malignant	   cell	   line	  Met5a	  was	   used	   as	   reference	   and	   set	   as	   1.	   In	  contrast	  to	  the	  Met5a,	  we	  measured	  a	  downregulation	  in	  the	  gene	  expression	  of	  ALK4	  in	  all	  cell	  lines,	  except	  the	  cisplatin	  resistant	  cell	  line	  p31cis,	  whereas	  the	  other	  type	  I	  receptor,	  ALK7,	  was	  downregulated	   in	  all	   tested	  cell	   lines.	  Concerning	   the	   type	   II	   receptors,	   an	  upregulation	   in	   the	  gene	  expression	  of	  ACVR2	  was	  measured	  in	  all	  cell	  lines,	  whereas	  the	  expression	  of	  ACVR2B	  was	  upregulated	  in	  five	  cell	  lines,	  but	  also	  downregulated	  in	  four	  cell	  lines.	  	  	  
	  
	  
Figure	  15.	  Expression	  levels	  of	  the	  type	  I	  and	  type	  II	  receptors	  in	  MPM	  cell	  lines.	  	  
6.2 Activin	  Signaling	  Pathways	  are	  Active	  in	  MPM	  Cell	  Lines	  
6.2.1 Activin	  A	  Phosphorylates	  SMAD-­Pathway	  in	  MPM	  Cells	  In	   a	   previous	   study	   with	   HepG2	   cells,	   it	   was	   demonstrated	   that	   exogenous	   treatment	   with	  recombinant	   activin	   A	   at	   a	   final	   concentration	   of	   20	   ng/ml	   leads	   to	   the	   phosphorylation	   of	  SMAD2	  (229).	  We	  could	  show	  that	  in	  all	  four	  tested	  MPM	  cell	  lines	  (p31,	  I2,	  M38K	  and	  VMC20),	  incubation	   of	   cells	   with	   recombinant	   activin	   A	   (20	   ng/ml)	   for	   30	   minutes	   also	   activates	   the	  SMAD-­‐pathway	   via	   phosphorylation	   of	   SMAD2	   (Figure	   16).	   Only	   in	   VMC20,	   an	   autogenous	  phosphorylation	  of	  SMAD2	  could	  also	  be	  detected	  by	  Western	  blotting.	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Figure	  16.	  Exogenous	  treatment	  with	  recombinant	  activin	  A	  (20	  ng/ml)	  
leads	  to	  the	  phosphorylation	  of	  SMAD2	  in	  MPM	  cell	  lines.	  	  
6.2.2 Activin	  A	  Does	  Not	  Activate	  p38	  Kinase	  Pathway	  in	  MPM	  Cells	  Previous	  studies	  reported	  activation	  of	  other	  pathways	  than	  the	  canonical	  SMAD-­‐pathway,	   like	  the	   p38	   kinase	   pathway.	   Within	   this	   study	   we	   wanted	   to	   determine	   whether	   an	   exogenous	  treatment	  of	  MPM	  cell	  lines	  with	  recombinant	  activin	  A	  at	  a	  final	  concentration	  of	  20	  ng/ml	  for	  30	  minutes	  can	  also	  activate	  the	  MAPK	  pathway	  p38	  by	  phosphorylation.	  In	  the	  four	  tested	  cell	  lines,	   we	   could	   not	   see	   any	   phosphorylation	   of	   the	   p38	   mitogen	   activated	   protein	   kinase	  pathway	  and	  could	  only	  detect	  the	  unphosphorylated	  form	  of	  p38	  (Figure	  17).	  	  	  
	  
Figure	  17.	  Immunodetection	  of	  p38	  kinase	  pathway	  in	  MPM	  cells.	  	  
6.2.3 Activin	  A	  Increases	  Migration	  of	  MPM	  Cells	  in	  Vitro	  Next	  it	  was	  tested,	  how	  efficiently	  MPM	  cell	  lines	  are	  able	  to	  close	  a	  scratch	  in	  the	  cell	  monolayer	  and	  whether	  treatment	  with	  recombinant	  activin	  A	  (20	  ng/ml)	  can	  further	  stimulate	  migration.	  Figure	   18	   shows	   an	   example	   of	   two	   MPM	   cell	   lines	   (SPC212,	   p31cis)	   with	   an	   obvious	  upregulation	   of	   migration	   by	   an	   exogenous	   treatment	   with	   activin	   A.	   In	   both	   cell	   lines,	   the	  scratch	  was	   completely	   closed	  much	   earlier	  when	   simulated	  with	   activin	   A	   in	   contrast	   to	   the	  cells	  treated	  with	  equal	  amounts	  of	  PBS	  that	  were	  used	  as	  control.	  The	  scratch	  in	  the	  monolayer	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of	   SPC212	   cells	   stimulated	   with	   activin	   A	   was	   already	   closed	   after	   eight	   hours,	   whereas	   the	  scratch	  used	  as	  control	  was	  not	  closed	  until	  24	  hours	  after	  the	  scratch	  was	  initially	  performed.	  The	   scratch	   in	   the	  monolayer	   of	   non-­‐treated	   p31cis	   cells	   was	   still	   not	   closed	   after	   48	   hours,	  whereas	   the	   scratch	   stimulated	  with	   activin	   A	  was	   already	   entirely	   closed	   24	   hours	   after	   the	  scratch	  was	  performed.	  The	  quantification	  of	  the	  migration	  of	  MPM	  cells	  through	  the	  scratch	  is	  presented	  in	  Figure	  19in	  percent.	   	  
	  
Figure	  18.	  Example	  of	  two	  MPM	  cell	  lines	  (SPC212,	  p31cis)	  with	  an	  increased	  migration	  after	  exogenous	  treatment	  
with	  recombinant	  activin	  A	  (20	  ng/ml)	  in	  vitro.	  	  
	  
Figure	  19.	  Quantification	  of	  cell	  migration	  of	  MPM	  cell	  lines	  (SPC212,	  p31cis).	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6.2.4 Cell	  Proliferation	  Is	  Increased	  by	  Stimulation	  with	  Recombinant	  Activin	  A	  Beside	   the	   effects	   on	   cell	  migration	   of	  MPM	   cells,	  we	   also	   tested	  whether	   cell	   treatment	  with	  recombinant	  activin	  A	  (20	  ng/ml)	  can	  stimulate	  the	  cell	  proliferation	  rate	  in	  vitro.	  For	  this,	  cells	  were	  treated	  with	  activin	  A	  in	  culture	  medium	  containing	  10%	  FCS	  or	  respectively	  0.1%	  FCS	  and	  allowed	  to	  proliferate	  for	  72	  hours.	  Figure	  20	  gives	  an	  example	  of	  two	  MPM	  cell	  lines	  (I2,	  M38K)	  with	   an	   increase	   of	   cell	   proliferation	   in	   culture	   medium	   containing	   10%	   FCS	   and	   an	   even	  stronger	  effect	  when	  the	  concentration	  of	  FCS	  was	  reduced	  down	  to	  0.1%	  FCS.	  	  	  
	  
Figure	  20.	   Example	   of	   two	  MPM	  cell	   lines	  with	   increased	   cell	   proliferation	  after	   treatment	  with	  
recombinant	   activin	   A	   (20	   ng/ml)	   and	   incubation	   for	   72	   hours.	   The	   cell	   line	   I2	   shows	   a	  
significantly	   increased	  proliferation	  rate	  only	  in	  growth	  medium	  containing	  10%	  FCS,	  whereas	  a	  
significantly	  increased	  cell	  proliferation	  was	  achieved	  in	  the	  	  cell	  line	  M38K	  in	  10%	  FCS	  as	  well	  as	  
in	  0.1%	  FCS	  	  
6.2.5 Activin	  A	  Stimulates	  Clonogenicity	  in	  MPM	  Cells	  MPM	   cells	   were	   seeded	   at	   a	   low	   density	   (1000	   cells	   per	  well)	   and	   treated	  with	   recombinant	  activin	  A	  at	  a	  final	  concentration	  of	  20	  ng/ml.	  Figure	  21	  shows	  an	  example	  of	  four	  MPM	  cell	  lines	  (SPC111,	  M38K,	  VMC6	  and	  VMC20)	  with	  increased	  clonogenicity	  after	  stimulation	  with	  activin	  A	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in	  comparison	  to	  cells	  treated	  with	  equal	  amounts	  of	  PBS.	  These	  results	  can	  be	  quantified	  when	  crystal	  violet	   is	  solubilized	  with	  SDS	  and	  measured	  photometically	   (Figure	  22).	   In	   three	  of	   the	  tested	  cell	  lines	  (SPC111,	  VMC6	  and	  VMC20),	  the	  ability	  of	  the	  cells	  to	  survive	  and	  form	  colonies	  is	  upregulated	  to	  about	  150%	  in	  contrast	  to	  the	  cells	  treated	  with	  equal	  amounts	  of	  PBS	  which	  were	   used	   as	   control,	   and	   even	   a	   slight	   stimulation	   of	   clonogenicity	   with	   activin	   A	   can	   be	  achieved	  in	  the	  cell	  line	  VMC6.	  	  	  
	  
Figure	   21.	   Stimulation	   with	   recombinant	   activin	   A	   (20	   ng/ml)	   increases	   clonogenicity	   in	   MPM	   cell	   lines	   in	  
contrast	  to	  cells	  treated	  with	  equal	  amounts	  of	  PBS.	  	  
	  
Figure	   22.	   Photometical	   quantification	   of	   the	  
stimulation	   of	   clonogenicity	   by	   exogenous	  
treatment	   with	   recombinant	   activin	   A	   (20	  
ng/ml).	   Extinction	   values	   of	   cells	   treated	  with	  
equivalent	   amounts	   of	   PBS	   were	   set	   as	   100%	  
and	  used	  for	  normalization.	  	  Stimulation	   of	   clonogenicity	   by	   activin	   A	   is	   cell	   type	   specific,	   since	   the	   contrary	   effect	   can	   be	  achieved	   when	   the	   hepatocarcinoma	   cell	   line	   HepG2	   is	   treated	   with	   activin	   A	   of	   the	   same	  concentration	  (20	  ng/ml).	  In	  contrast	  to	  cells	  treated	  with	  equal	  amounts	  of	  PBS,	  cells	  incubated	  with	  recombinant	  activin	  A	  show	  a	  reduced	  ability	  to	  survive	  and	  form	  colonies	  (Figure	  23).	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Figure	  23.	  Treatment	  of	  the	  hepatocarcinoma	  cell	  line	  HepG2	  with	  
recombinant	   activin	   A	   (20	   ng/ml)	   results	   in	   reduced	  
clonogenicity.	  	  
6.3 Inhibition	  of	  Activin	  Receptor	  Signals	  Blocks	  Growth	  and	  Migration	  of	  
MPM	  Cells	  
6.3.1 Treatment	  with	  SB-­431542	  Reduces	  Cell	  Migration	  SB-­‐431542	   is	   a	   selective	   small	   molecule	   inhibitor	   for	   type	   I	   receptors	   of	   activin-­‐like	   kinases,	  specifically	  ALK4,	  ALK5	  and	  ALK7.	  Since	  the	  receptors	  ALK4	  and	  ALK7	  are	  part	  of	  the	  activin	  A	  signalling	  pathway,	  we	  wanted	   to	  determine	  whether	   the	  blockage	  of	   those	   receptors	   reduces	  the	   ability	   of	   MPM	   cells	   to	   close	   a	   scratch	   in	   the	   cell	   monolayer.	  	  Cells	  were	  treated	  with	  SB-­‐431542	  at	  a	  final	  concentration	  of	  20	  µM	  and	  already	  four	  hours	  after	  the	  scratch	  was	  performed,	  a	  decrease	  of	  migration	  was	  detected	  (an	  example	  of	  two	  MPM	  cell	  lines	  (p31,	  VMC6)	  is	  presented	  in	  Figure	  24	  and	  Figure	  25).	  All	  tested	  cell	  lines	  failed	  at	  closing	  the	  scratch	  entirely	  by	  migration	  when	  treated	  with	  SB-­‐431542,	  whereas	  the	  control-­‐scratch	  of	  p31	  for	  example	  was	  already	  closed	  24	  hours	  after	  the	  scratch	  was	  initially	  performed.	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Figure	   24.	   Example	   of	   a	   decreased	   cell	   migration	   of	   MPM	   cell	   lines	   (p31,	   VMC6)	   after	  
treatment	  with	  the	  small	  molecule	  inhibitor	  SB-­431542	  at	  a	  final	  concentration	  of	  20	  µM.	  	  
	  
Figure	  25.	  Quantification	  of	  cell	  migration	  of	  two	  MPM	  cell	  lines	  (p31,	  VMC6).	  	  
6.3.2 Migration	  Through	  Transwell	  Chambers	  Is	  Affected	  by	  SB-­431542	  Since	  we	  could	  show	  that	  the	  closure	  of	  a	  scratch	   in	  the	  cell	  monolayer	  by	  migration	   is	  clearly	  reduced	  when	   cells	  were	   treated	  with	   the	   small	  molecule	   inhibitor	   SB-­‐431542,	  we	  wanted	   to	  determine	  whether	   the	  migration	   through	   a	   porous	  membrane	   could	   also	   be	   reduced	   by	   SB-­‐431542.	  For	  this	  purpose,	  cells	  were	  seeded	  onto	  a	  transwell	  chamber,	  treated	  with	  SB-­‐431542	  at	   a	   final	   concentration	   of	   20	   µM	   and	  were	   allowed	   to	  migrate	   through	   the	  membrane	   for	   24	  hours.	  Figure	  26	  gives	  an	  example	  for	  two	  MPM	  cell	   lines	  (M38K,	  p31),	  which	  showed	  reduced	  migration	   through	   transwell	   chambers	   after	   treatment	   with	   the	   small	   molecule	   inhibitor	   SB-­‐431542.	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Figure	  26.	  Example	  of	   two	  MPM	  cell	   lines	  with	   reduced	  
ability	   for	  migrating	   through	   a	   porous	  membrane	   of	   a	  
transwell	  chamber	  after	  treatment	  with	  SB-­431542	  at	  a	  
final	   concentration	   of	   20	   µM	   in	   comparison	   to	   the	  
control	  cells,	  which	  were	  treated	  with	  equal	  amounts	  of	  
DMSO.	  	  
6.3.3 SB-­431542	  Impairs	  Cell	  Viability	  of	  MPM	  Cells	  As	  a	  next	   step,	  we	   tested	  whether	   the	  blockage	  of	  activin	   type	   I	   receptors	  can	  also	   impair	   cell	  proliferation	  in	  MPM	  cell	  lines.	  For	  this	  purpose,	  we	  treated	  cells	  with	  the	  inhibitor	  SB-­‐431542	  at	   a	   final	   concentration	   of	   20	   µM	   and	   let	   them	   proliferate	   for	   72	   hours.	   Figure	   27	   gives	   an	  example	  of	   three	   tested	  MPM	  cell	   lines	   (I2,	  M38K	  and	  VMC20),	  which	   show	  a	  decrease	  of	   cell	  proliferation	  after	  cell	  treatment	  in	  culture	  medium	  containing	  10%	  FCS.	  This	  effect	  was	  further	  increased	  when	  the	  concentration	  of	  FCS	  in	  the	  medium	  was	  reduced	  down	  to	  0.1%.	  Cell	  lines	  I2	  and	   VMC20	   showed	   a	   reduction	   of	   the	   cell	   proliferation	   rate	   of	   about	   50%	   in	   0.1%	   FCS	  conditioned	  medium.	  Cell	  line	  M38K	  was	  only	  slightly	  impaired	  in	  cell	  proliferation	  at	  10%	  FCS,	  but	  showed	  a	  strong	  impact	  on	  cell	  viability	  at	  0.1%	  FCS.	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Figure	  27.	  Small	  molecule	  inhibitor	  SB-­431542	  strongly	  inhibits	  cell	  proliferation	  in	  MPM	  cell	  lines.	  
The	  graphs	  on	  the	  left	  show	  the	  effect	  of	  the	  inhibitor	  in	  medium	  containing	  10%	  FCS,	  whereas	  the	  
graphs	  in	  the	  right	  panel	  show	  the	  even	  stronger	  effects	  in	  0.1%	  FCS	  containing	  medium.	  	  
6.3.4 SB-­431542	  Reduces	  Clonogenicity	  of	  MPM	  Cells	  The	  ability	  of	  MPM	  cell	   lines	   to	   survive	  and	   form	  colonies	   is	   reduced	  by	  exogenous	   treatment	  with	   the	  small	  molecule	   inhibitor	  SB-­‐431542	   in	  vitro.	  We	  could	  demonstrate,	   that	  even	  at	   low	  concentrations	  of	   the	   inhibitor,	   the	   clonogenicity	  of	   the	   tested	  MPM	  cell	   lines	   (p31,	  p31cis,	   I2,	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M38K,	   and	  VMC6)	   is	   clearly	   reduced.	  A	   dose-­‐response	   relationship	   of	   SB-­‐431542	   in	  MPM	   cell	  lines	  is	  presented	  in	  Figure	  28.	  Not	  only	  the	  number	  of	  colonies	  gets	  reduced	  by	  increasing	  the	  concentration	   of	   the	   inhibitor	   added	   to	   the	   growth	   medium,	   but	   also	   the	   size	   of	   the	   formed	  colonies	  gets	  smaller.	  The	  cell	  line	  I2	  showed	  the	  strongest	  effect	  of	  SB-­‐431542	  on	  clonogenicity,	  since	   the	   ability	   to	   survive	   and	   form	   colonies	   was	   already	   completely	   blocked	   at	   a	   final	  concentration	  of	  5	  µM.	  	   	  
	  
Figure	   28.	   Dose-­response	   relationship	   of	   the	   small	  molecule	   inhibitor	   SB-­431542	   in	  MPM	   cell	   lines.	   Even	   at	   low	  
concentrations,	  SB-­431542	  reduces	  clonogenicity	  in	  MPM	  cell	  lines.	  	  
6.3.5 A8301	  Reduces	  Clonogenicity	  of	  MPM	  Cells	  Like	   SB-­‐431542,	   the	   small	   molecule	   inhibitor	   A8301	   targets	   type	   I	   receptors	   of	   activin-­‐like	  kinases,	  specifically	  ALK4,	  ALK5	  and	  ALK7.	  In	  our	  experiments,	  this	  inhibitor	  seemed	  to	  have	  a	  lower	  efficiency	  in	  MPM	  cell	  lines.	  Although	  an	  impairment	  of	  clonogenicity	  could	  be	  achieved	  by	  treating	  the	  MPM	  cells	  with	  A8301	  in	  vitro,	  the	  effects	  were	  less	  pronounced	  in	  comparison	  to	  the	   treatment	   with	   SB-­‐431542.	   A	   dose-­‐response	   relationship	   of	   A8301	   in	   MPM	   cell	   lines	   is	  presented	  in	  Figure	  29.	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Figure	   29.	   Dose-­response	   relationship	   of	   the	   small	   molecule	   inhibitor	   A8301	   in	   MPM	   cell	   lines.	   A8301	   slightly	  
reduces	  the	  cells	  ability	  to	  survive	  and	  form	  colonies.	  	  
6.3.6 Cell	  Cycle	  Alterations	  Induced	  by	  Small	  Molecule	  Inhibitors	  In	   four	   cell	   lines	   (p31,	   I2,	  M38K	   and	   VMC20)	   the	   effects	   of	   the	   small	  molecule	   inhibitors	   SB-­‐431542	  and	  A8301	  on	  cell	  cycle	  distribution	  were	   tested	  as	  single	  agents	  (final	  concentration:	  20	  µM)	  and	   in	   combination	   (final	   concentration	   for	  each	  of	   the	   two	  substances:	  20	  µM).	  After	  incubating	  the	  cells	  with	  the	  inhibitors	  for	  24	  hours,	  a	  cell	  cycle	  analysis	  by	  PI	  staining	  and	  flow	  cytometry	   was	   performed.	   All	   tested	   cell	   lines	   showed	   a	   different	   response	   on	   the	   cell	   cycle	  distribution	  (Figure	  30).	  	  The	  cell	   line	  p31,	  which	  had	  a	  high	   level	  of	  cells	   in	   the	  G0-­‐G1-­‐phase	   in	   the	  control,	   showed	  an	  increase	  of	  the	  S-­‐phase	  and	  a	  strong	  reduction	  of	  the	  G0-­‐G1-­‐phase	  after	  the	  treatment	  with	  SB-­‐431542	  for	  24	  hours.	  A	  similar	  effect	  was	  seen	  when	  cells	  were	  treated	  with	  A8301	  and	  a	  slight	  increase	  of	  the	  effect	  was	  achieved	  by	  combining	  both	  substances.	  	  SB-­‐431542	  and	  A8301	  did	  not	  show	  an	  effect	  on	  the	  cell	  cycle	  distribution	  of	  the	  cell	  line	  I2,	  but	  when	  both	  inhibitors	  where	  combined,	  the	  percentage	  of	  cells	  in	  G2-­‐M-­‐phase	  increased,	  whereas	  the	   percentage	   of	   cells	   in	   the	   S-­‐phase	   decreased.	   Cell	   treatment	   of	   the	   cell	   lines	   M38K	   and	  VMC20	  only	  showed	  slight	  alterations	  in	  cell	  cycle	  distribution.	  	  	  
	   61	  
	  
Figure	  30.	  Cell	  Cycle	  distribution	  of	  MPM	  cell	   lines	  after	   treatment	  with	   the	   small	  molecule	   inhibitors	  SB-­
431542	  and	  A8301	  as	  single	  agents	  as	  well	  as	  in	  combination	  for	  24	  hours.	  Proportions	  of	  the	  different	  cell	  
cycle	  phases	  are	  given	  in	  percent.	  	  
6.4 Silencing	   of	   Activin-­βA	   Expression	   Blocks	   Growth	   and	   Migration	   of	  
MPM	  Cells	  
6.4.1 siRNA	  Targeting	  Human	  INHBA	  Reduces	  Gene	  Expression	  in	  MPM	  Cells	  For	  a	  specific	  silencing	  of	  INHBA	  in	  MPM	  cell	  lines,	  cells	  were	  subject	  to	  siRNA	  targeting	  human	  INHBA	   at	   a	   final	   concentration	   of	   50	   nM,	   since	   the	   tested	   small	   molecule	   inhibitors	   do	   not	  discriminate	   between	   activin	   receptors	   (ALK4,	   ALK7	   and	   TGF-­‐beta	   receptors	   (ALK5).	   The	  efficiency	   of	   the	   knockdown	   of	   INHBA	   was	   measured	   using	   qRT-­‐PCR	   and	   cells	   treated	   with	  scrambled-­‐siRNA	  of	   the	   same	   concentration	  were	   taken	   as	   reference.	   In	   all	   tested	   cell	   lines,	   a	  knockdown	  of	  at	   least	   two	  cycles	   (equivalent	   to	  about	  75%	  reduction)	  was	  achieved	  48	  hours	  after	  transfection	  (Figure	  31	  and	  Figure	  32).	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Figure	  31.	  Ct-­values	  of	  four	  cell	  lines	  transfected	  with	  50	  nM	  scrambled-­siRNA	  or	  siRNA	  targeting	  
human	   INHBA.	   In	   all	   cell	   lines,	   a	   knockdown	  of	   at	   least	   two	   cycles	  was	   achieved	  48	  hours	   after	  
transfection.	  	  
	  
Figure	   32.	   Log	   2	   ratios	   of	   the	   knockdown	   of	  
INHBA	   in	   MPM	   cell	   lines	   was	   quantified	   using	  
qRT-­PCR.	   Cells	   treated	  with	   scrambled-­siRNA	  at	  
the	  same	  concentration	  were	  used	  as	  reference.	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6.4.2 INHBA-­Targeting	  siRNA	  Reduces	  Cell	  Viability	  A	   reduced	   gene	   expression	   of	   INHBA	   via	   siRNA	   (final	   concentration:	   50	   nM)	   reduces	   cell	  proliferation	   in	  MPM	   cell	   lines	   (Figure	   33).	   The	   viability	   of	   cells	   transfected	   with	   scrambled-­‐siRNA	  was	  set	  as	  100%	  and	  used	  for	  normalization.	  Even	  with	  10%	  FCS	  added	  to	  the	  medium,	  a	  reduced	  cell	  proliferation	  was	  detected	  via	  MTT	  assay.	  This	  effect	  was	   further	   increased	  when	  the	   percentage	   of	   FCS	   added	   to	   the	   medium	   was	   reduced	   down	   to	   0.1%.	   A	   very	   significant	  impairment	  of	  cell	  proliferation	  was	  achieved	  in	  the	  cell	   line	  p31cis	  and	  also	  in	  cell	   line	  VMC6,	  when	  the	  concentration	  was	  reduced	  to	  0.1%.	  Only	  a	  slight	  effect	  on	  cell	  viability	  was	  measured	  in	  the	  cell	  line	  p31.	  	  	  
	  
	  
Figure	  33.	  Reduced	  cell	  proliferation	  of	  MPM	  cell	   lines	  after	  transfection	  with	  50	  nM	  siRNA	  targeting	  human	  INHBA	  in	  
contrast	  to	  transfection	  with	  scrambled-­siRNA.	  The	  graphs	  in	  the	  upper	  panel	  show	  the	  effects	  of	  transfection	  in	  culture	  
medium	   containing	   10%	   FCS,	   whereas	   the	   graphs	   in	   the	   lower	   panel	   show	   the	   effects	   on	   cell	   proliferation	   after	  
transfection	  with	  0.1%	  FCS	  added	  to	  the	  culture	  medium.	  	  
6.4.3 INHBA-­Targeting	  siRNA	  Impairs	  Clonogenicity	  Beside	  the	  reduced	  cell	  proliferation	  rate	  induced	  by	  transfection	  of	  MPM	  cell	  lines	  with	  siRNA	  targeting	   INHBA,	   an	   impairment	   of	   the	   cells	   ability	   to	   survive	   and	   form	   colonies	   can	   also	   be	  achieved	   by	   silencing	   INHBA.	   An	   example	   of	   two	   cell	   lines	  with	   a	   reduced	   clonogenicity	   after	  transfection	   with	   siRNA	   targeting	   human	   INHBA	   in	   contrast	   to	   scrambled-­‐siRNA	   transfected	  MPM	  cells	  is	  presented	  in	  Figure	  34.	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Figure	   34.	   siRNA	   targeting	   human	   INHBA	   (final	  
concentration:	   50	   nM)	   reduces	   clonogenicity	   in	   MPM	  
cell	   lines	   in	   contrast	   to	   scrambled-­siRNA	   transfected	  
cells.	  	  
6.5 Influence	  of	  Activin	  A	  on	  Cisplatin	  Sensitivity	  Since	  the	  results	  of	  our	  in	  vitro	  analysis	  showed	  a	  strong	  influence	  of	  activin	  A	  on	  MPM	  cell	  lines	  and	   high	   effects	   on	   cell	   proliferation	   and	   clonogenicity	   when	   the	   expression	   of	   INHBA	   gets	  reduced	  by	  siRNA,	  we	  wanted	  to	  determine	  whether	  a	  downregulation	  of	  the	  INHBA-­‐expression	  can	   stimulate	   the	   efficiency	   of	   the	   chemotherapeutic	   agent	   cisplatin.	   For	   this	   purpose	   siRNA	  targeting	  human	  INHBA	  and	  cisplatin	  were	  used	   in	  combination	  for	  the	  treatment	  of	  MPM	  cell	  lines,	  whereas	  scrambled	  siRNA	  in	  combination	  with	  cisplatin	  was	  taken	  as	  control.	  An	  example	  for	   the	   synergistic	   effect	   of	   siRNA	   targeting	   human	   INHBA	   (final	   concentration:	   50	   nM)	   and	  cisplatin	  at	  different	  concentration	  levels	  is	  presented	  in	  Figure	  35.	  	  	  
	  
Figure	   35.	   Example	   of	   a	   synergistic	   effect	   of	   siRNA	   targeting	   human	   INHBA	   (final	  
concentration:	  50	  nM)	  and	  cisplatin	  at	  different	  concentration.	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6.6 Regulation	  of	  Activin	  Expression	  by	  Methylation	  or	  Histone	  Acetylation	  
6.6.1 Regulation	  of	  Activin	  Expression	  by	  the	  Demethylating	  Agent	  5-­Azacytidine	  The	   DNA	  methyltransferase	   inhibitor	   5-­‐azacytidine	   was	   reported	   to	   alter	   gene	   expression	   by	  demethylation	  of	   the	  DNA.	   For	   our	   study,	  we	  wanted	   to	  determine	  whether	   the	   expression	  of	  INHBA	   can	   be	   modified	   in	   MPM	   cell	   lines	   by	   treatment	   with	   5-­‐azacytidine	   at	   a	   final	  concentration	  of	  5	  µM.	  Cells	  treated	  with	  equivalent	  amounts	  of	  DMSO	  were	  taken	  as	  reference.	  Three	  MPM	  cell	  lines	  were	  tested,	  but	  the	  results	  differed	  from	  cell	  line	  to	  cell	  line	  (Figure	  36).	  Cell	   line	  SPC212,	  which	  has	  a	  high	  baseline	  expression	  of	   INHBA,	  showed	  an	  upregulated	  gene	  expression	  of	   INHBA	  24	  hours	   and	  48	  hours	   after	   cell	   treatment,	   but	   a	  downregulation	  of	   the	  gene	  expression	  after	  72	  hours	  and	  96	  hours.	  The	   INHBA-­‐expression	  of	   the	  cell	   line	  CRL5820,	  which	  has	  a	  rather	  low	  baseline	  INHBA	  expression,	  was	  decreased	  after	  24	  hours,	  but	  increased	  after	  48,	  72	  and	  96	  hours.	  The	  last	  tested	  cell	   line	  with	  also	  a	  high	  baseline	  INHBA	  expression,	  VMC20,	   showed	   an	   upregulation	   in	   the	   expression	   of	   INHBA	   after	   24	   and	   96	   hours,	   but	   a	  reduced	  expression	  after	  48	  and	  72	  hours.	  	  	  
	  
Figure	  36.	  Expression	  of	  INHBA	  in	  MPM	  cell	  lines	  24,	  48,	  72	  and	  96	  hours	  after	  cell	  treatment	  with	  5-­azacytidine	  at	  a	  final	  
concentration	  of	  5	  µM.	  	  
6.6.2 Modulation	  by	  Histone	  Deacetylase	  Inhibitor	  Trichostatin	  A	  Trichostatin	  A	  is	  an	  organic	  compound	  that	  acts	  as	  a	  histone	  deacetylase	  inhibitor.	  For	  our	  study,	  TSA	  was	  used	  for	  cell	  treatment	  at	  a	  final	  concentration	  of	  300	  nM	  for	  12	  hours	  and	  24	  hours	  in	  order	   to	   determine	   whether	   modification	   of	   DNA	   acetylation	   alters	   the	   gene	   expression	   of	  INHBA	   in	  MPM	  cell	   lines	  (Figure	  37).	  Four	  of	   the	   tested	  cell	   lines	  show	  a	  high	  baseline	   INHBA	  expression	   (SPC212,	   p31,	   p31cis,	   I2),	   but	   we	   also	   tested	   a	   fifth	   cell	   line	   with	   a	   rather	   low	  baseline	   INHBA	  expression	  (CRL5820).	  Again,	   cells	   treated	  with	  equal	  amounts	  of	  DMSO	  were	  taken	  as	  reference.	  	  Cell	   lines	   CRL5820	   and	   I2	   showed	   a	   downregulation	   of	   the	   INHBA	   gene	   expression	   after	   12	  hours	  and	  24	  hours	  of	  incubation	  with	  TSA,	  whereas	  cell	  line	  p31	  showed	  an	  upregulation.	  The	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expression	  of	  INHBA	  was	  downregulated	  after	  12	  hours	  of	  incubation,	  but	  upregulated	  after	  24	  hours	  in	  the	  cell	  lines	  SPC212	  and	  p31cis.	  	  
	  
Figure	  37.	  Expression	  of	  INHBA	  in	  MPM	  cell	  lines	  12	  hours	  and	  24	  hours	  after	  cell	  treatment	  with	  Trichostatin	  A	  at	  a	  final	  
concentration	  of	  300	  nM.	  	  
6.7 Intense	   Immunohistochemical	   Staining	   of	   Activin	   A	   in	   MPM	   Tumor	  
Tissue	  Samples	  About	   70	   tumor	   tissue	   samples	   derived	   from	   patients	   suffering	   from	   MPM	   were	   subject	   to	  immunohistochemical	  staining	  for	  activin	  A.	  The	  evaluation	  of	  the	  stainings	  were	  performed	  by	  two	  independent	  authors	  and	  mean	  values	  of	  these	  scorings	  were	  calculated,	  resulting	  in	  scores	  from	   0	   (no	   staining	   for	   activin	   A)	   to	   3	   (intense	   cytoplasmatic	   staining).	   Figure	   38	   shows	   an	  example	  for	  a	  MPM	  tumor	  tissue	  sample	  of	  the	  epithelioid	  subtype	  with	  an	  intense	  cytoplasmatic	  staining	  (score	  3)	  for	  activin	  A	  in	  the	  tumor	  cells,	  but	  not	  in	  the	  surrounding	  cells.	  	  The	  results	  of	  the	  immunohistochemistry	  suggest	  an	  important	  role	  of	  activin	  A	  in	  MPM	  tumors	  and	  further	  correlation	  of	  the	  results	  with	  the	  clinical	  data	  from	  the	  patients.	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Figure	   38.	   Immunohistochemical	   staining	   of	   a	   formalin-­embedded	  MPM	   tumor	   tissue	   sample	   of	   the	   epithelioid	  
subtype,	   showing	   an	   intense	   cytoplasmatic	   staining	   (score	   3)	   for	   activin	   A	   in	   the	   tumor	   cells,	   but	   not	   in	   the	  
surrounding	  cells.	  	  
6.8 Construction	  of	  a	  Lentivirus	  Overexpressing	  INHBA	  
6.8.1 Construction	  of	  the	  Entry	  Clone	  For	   further	   investigations	   concerning	   the	   role	   of	   activin	   A	   in	  Malignant	   Pleural	  Mesothelioma	  cells,	  the	  construction	  of	  a	  lentivirus	  overexpressing	  INHBA	  was	  started.	  The	  cloning	  strategy	  is	  based	   on	   the	   Gateway	   Cloning	   Technology	   (Invitrogen)	   and	   involves	   the	   cloning	   of	   an	   entry	  vector	  containing	  the	  gene	  of	  interest	  flanked	  by	  attL	  recombination	  sites,	  which	  is	  subsequently	  inserted	   into	   a	   destination	   vector	   containing	   attR	   sites	   via	   homolog	   recombination	   (LR	  recombination	  reaction)	  between	  the	  attL	  and	  attR	  binding	  sites.	  	  For	   the	   amplification	   of	   our	   gene	   of	   interest	   (INHBA)	   a	   RT-­‐PCR	  based	   cDNA	   cloning	  with	   Pfu	  polymerase	   was	   performed.	   The	   PCR	   product	   was	   afterwards	   phosphorylated	   with	   a	   T4	  polynucleotide	  kinase	  (Fermentas)	  and	  subsequently	  analyzed	  by	  agarose	  gel	  electrophoresis	  in	  order	  to	  confirm	  the	  correct	  size	  of	  the	  amplified	  fragments.	  As	  seen	  in	  Figure	  39,	  we	  obtained	  a	  sharp	  band	  of	  approximately	  1400	  bp,	  which	  correlates	  with	  the	  size	  of	  the	  gene	  INHBA	  (1406	  bp).	  As	  a	  next	  step,	  the	  fragment	  was	  cut	  out	  and	  purified	  out	  of	  the	  agarose	  gel	  with	  the	  Wizard	  SV	  Gel	   and	   PCR	   Clean-­‐up	   System	   Kit	   from	   Promega.	   The	   concentration	   of	   the	   purified	   DNA	  was	  measured	  via	  NanoDrop	  and	  resulted	  in	  14.45	  ng/µl.	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Figure	   39.	   Agarose	   gel	   of	   the	   amplified	  
fragment	   showing	   a	   sharp	   band	   at	  
approximately	  1400	  bp.	  	  Parallel	  to	  the	  amplification	  and	  purification	  of	  our	  gene	  of	  interest,	  the	  backbone	  for	  the	  entry	  vector,	   pENTR1A	   (2294	   bp)	   (Figure	   40),	   was	   prepared.	   The	   restriction	   enzyme	   EcoRV	  (Fermentas)	   was	   applied	   for	   generating	   blunt	   ends	   of	   the	   vector	   backbone.	   Additionally,	   the	  concentration	  of	  DNA	  was	  measured	  via	  NanoDrop,	  resulting	  in	  78.36	  ng/µl.	  	  	  
	  
Figure	  40.	  Vector	  pENTR1A	  (2294	  bp)	  was	  used	  as	  vector	  backbone	  for	  the	  entry	  clone.	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For	  the	  ligation	  of	  the	  gene	  of	  interest	  and	  the	  vector	  backbone	  for	  the	  entry	  clone,	  two	  different	  approaches	  were	  performed,	  one	  with	  a	  three	  times	  molar	  excess	  of	  the	  insert	  DNA	  and	  another	  approach	  with	   a	   five	   times	  molar	   excess	   of	   the	   insert	  DNA.	  Both	   approaches	  were	   afterwards	  transformed	   into	   competent	   E.	   coli	   cells	   and	   subsequently	   plated	   on	   LB	   plates	   containing	  kanamycin	  for	  the	  selection	  of	  cells	  containing	  the	  desired	  plasmid	  with	  our	  gene	  of	  interest.	  The	  following	   day,	   ten	   colonies	  were	   picked	   and	   allowed	   to	   grow	   in	   fresh	   LB	  medium	   containing	  kanamycin	   for	  24	  hours.	  For	  a	  quick	  detection	  of	  positive	  clones,	  we	  performed	  a	  boiling	   lysis	  plasmid	   preparation	   and	   a	   single	   restriction	   digest	   with	   PstI	   (Fermentas)	   in	   orange	   buffer	  (Fermentas).	  Digestion	  of	  a	  positive	  clone	  should	  give	  rise	  to	  two	  fragments	  (527	  bp	  and	  3066	  bp).	   As	   presented	   in	   Figure	   41,	   we	   identified	   two	   positive	   clones	   (clone	   4	   and	   clone	   7)	   with	  fragments	   of	   the	   expected	   size.	   For	   all	   further	   steps	  within	   the	   construction	   of	   the	   lentivirus,	  clone	  number	  4	  (pINHBA-­‐ENTR1A	  (3593	  bp),	  Figure	  42)	  was	  chosen	  and	  a	  plasmid	  miniprep	  for	  DNA	  purification	  of	  this	  bacterial	  culture	  was	  performed.	  For	  a	  long-­‐term	  storage	  of	  our	  positive	  entry	  clone,	  glycerol	  stocks	  of	  the	  bacterial	  culture	  were	  also	  made.	  	  	  	  
	  
Figure	  41.	  Agarose	  gel	  showing	  the	  results	  of	  the	  restriction	  digest	  with	  PstI.	  Clone	  
4	   and	   clone	   7	   show	   bands	   of	   the	   expected	   size	   (527	   bp	   and	   3066	   bp)	   and	   were	  
identified	  as	  positive	  clones.	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Figure	   42.	   Ligation	   of	   the	   gene	   of	   intererst,	   INHBA,	   and	   the	   entry	   vector,	  
pENTR1A,	   resulted	   in	   the	   entry	   clone	   pINHBA-­ENTR1A	   (3593	  bp),	  which	  was	  
subsequently	  used	  for	  the	  LR	  recombination	  reaction.	  	  
6.8.2 Construction	  of	  the	  Expression	  Clone	  The	   circular	   destination	   vector	   pLenti6/ubC/V5/Dest	   (9319	   bp)	   (Figure	   43),	   containing	   attR	  recombination	   sites	   and	   an	   ampicillin	   resistance	   cassette,	   and	   our	   previously	   verified	   entry	  clone	   were	   used	   for	   the	   LR	   recombination	   reaction.	   The	   resulting	   circular	   expression	   clone	  should	   then	  have	  a	  size	  of	  9028	  bp.	  Transformation	   into	  Stbl3	  E.	   coli	   cells	  was	  performed	  and	  subsequently	   plated	   on	   LB	   agar	   plates	   containing	   ampicillin.	   Two	   colonies	   were	   picked	   and	  grown	  in	  fresh	  LB	  medium	  containing	  ampicillin	  and	  the	  culture	  subsequently	  used	  for	  plasmid	  minipreps	  to	  obtain	  purified	  plasmid	  DNA.	  The	  measurement	  of	  the	  concentration	  of	  the	  purified	  DNA	  resulted	  in	  16.61	  ng/µl	  for	  clone	  number	  1	  and	  18.44	  ng/µl	  for	  clone	  number	  2.	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Figure	  43.	  Destination	  vector	  pLenti6/ubC/V5/Dest	  (9319	  bp)	  was	  used	  as	  vector	  
backbone	  for	  the	  expression	  clone.	  	  Two	   different	   digestions	   with	   restriction	   enzymes	   identified	   the	   chosen	   colonies	   as	   positive	  expression	   clones	   (Figure	  45).	   First,	   a	   cut	  with	  XhoI	   (Fermentas),	  AflII	   (Fermentas)and	  Tango	  buffer	  for	  double	  digestion	  (Fermentas)	  was	  carried	  out,	  which	  should	  give	  rise	  to	  five	  fragments	  of	  different	  size	  (309,	  1155,	  1362,	  2546	  and	  3656	  bp).	  The	  smallest	  fragment	  (309	  bp)	  can’t	  be	  identified	   on	   the	   agarose	   gel,	   whereas	   the	   other	   fragments	   show	   the	   expected	   size.	   For	   the	  second	  approach,	  we	  used	  PstI	  for	  the	  digestion,	  which	  should	  give	  rise	  to	  two	  fragments	  (982	  and	   8042	   bp).	   As	   seen	   in	   Figure	   45,	   both	   fragments	   can	   be	   identified,	   thus	   confirming	   both	  clones	  as	  positive	  expression	  clones.	  For	  further	  steps	  within	  the	  construction	  of	  the	  lentivirus,	  expression	   clone	   number	   1,	   pINHBA-­‐Dest	   (9028	   bp),	  was	   chosen	   and	   bacterial	   culture	   of	   this	  clone	  was	  stored	  frozen	  as	  glycerol	  stocks	  for	  long-­‐term	  storage.	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Figure	   44.	   LR	   recombination	   reaction	   of	   pINHBA-­ENTR1A	   (3593	   bp)	   and	  
pLenti6/ubC/V5/Dest	  (9319	  bp)	  results	  in	  the	  expression	  clone	  pINHBA-­Dest	  (9028	  bp).	  	  	  
	   	   	   	  
Figure	   45.	   Restriction	   digests	   of	   the	   two	   selected	   expression	   clones.	   Left:	   cut	  
with	  XhoI	  and	  AflII.	  Right:	  cut	  with	  PstI.	  	  
6.8.3 Outlook	  By	   performing	   different	   restriction	   digests,	   we	   could	   confirm	   that	   our	   gene	   of	   interest	   was	  finally	  integrated	  in	  an	  expression	  clone	  (pINHBA-­‐Dest).	  Further	  steps	  within	  the	  construction	  of	  the	  lentivirus	  were	  no	  longer	  part	  of	  this	  project,	  but	  planned	  further	  steps	  are	  described	  below.	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  For	   the	  demonstration	  of	   the	  biological	  activity	  of	   the	  expression	  clone,	  we	  will	   soon	  transfect	  our	  expression	  clone	  into	  Hek293	  cells	  that	  will	  subsequently	  produce	  and	  secrete	  activin	  A	  into	  the	  medium.	  The	  cytokine	  can	  then	  be	  harvested	  as	  supernatant	  and	  used	  for	  the	  treatment	  of	  HepG2	   cells.	   In	   this	  way,	   the	   biological	   activity	  will	   be	   demonstrated,	   since	   it	   was	   previously	  reported	  that	  treatment	  of	  HepG2	  cells	  with	  activin	  A	  phosphorylates	  the	  SMAD2	  pathway	  (229).	  After	   verifying	   the	   biological	   activity,	   the	   generated	   expression	   clone	  will	   be	   transfected	   as	   a	  complex	  with	  lentiviral	  packaging	  mix	  into	  293FT	  cells	  for	  the	  production	  of	  lentiviral	  particles,	  which	  will	  then	  be	  harvested	  as	  viral	  supernatants	  48	  hours	  after	  transfection.	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7 Discussion	  	  Malignant	   Pleural	   Mesothelioma	   is	   a	   highly	   aggressive	   and	   lethal	   type	   of	   cancer	   with	   poor	  prognosis	   that	   arises	   from	   the	   serous	   lining	   of	   the	   lungs,	   the	   two-­‐layered	   pleura.	   A	   history	   of	  past	  exposure	  to	  asbestos	   is	  considered	  to	  be	  the	  main	  cause	  for	  this	  disease,	  whereas	   inhaled	  asbestos	  fibres	  have	  been	  described	  as	  inducer	  of	  genetic	  alterations,	  necrosis	  and	  inflammation	  (150,	   154-­‐156).	   So	   far,	   no	   effective	   treatment	   for	   MPM	   has	   been	   established	   and	   since	   the	  increasing	  incidence	  of	  MPM	  is	  expected	  to	  peak	  within	  the	  next	  20	  years,	  novel	  approaches	  to	  fight	  Mesothelioma	  are	  urgently	  needed.	  	  Previous	  studies	  demonstrated	  a	  response	  of	  MPM	  cells	  to	  the	  transforming	  growth	  factor	  TGF-­‐β	  (171)	  and	  an	  inhibition	  of	  cell	  proliferation	  and	  tumor	  growth	  by	  in	  vitro	  and	  in	  vivo	  treatment	  of	  MPM	  cells	  with	  antisense	  oligodeoxynucleotides	  to	  TGF-­‐β	  (171,	  172),	  but	  the	  contribution	  of	  activin	  signals	  to	  MPM	  cells	  remained	  to	  be	  elucidated.	  Increased	  expression	  levels	  of	  activin	  A	  have	   already	  been	  described	   in	   association	  with	   inflammation	   (42,	   51),	  wound	   repair	   (44-­‐47)	  and	  various	  tumors,	  like	  oral	  squamous	  cell	  carcinoma	  (140),esophageal	  adenocarcinoma	  (144)	  and	  lung	  adenocarcinoma	  (145).	  For	  many	  carcinomas,	  an	  association	  between	  overexpression	  of	  activin	  A,	  metastasis,	  a	  shorter	  disease-­‐free	  survival	  rate	  and	  poor	  prognosis	  for	  the	  patients	  have	   also	   been	  described	   so	   far,	  whereas	   a	   down-­‐regulation	   of	   the	   gene	   expression	   of	   INHBA	  using	  siRNA	  reduced	  cell	  proliferation	  of	  cancer	  cells	  from	  these	  malignancies	  (140,	  144,	  145).	  	  With	   this	   study,	  we	   could	   demonstrate	   that	   activin	   A	   is	   overexpressed	   in	   all	   tested	  MPM	   cell	  lines	  in	  comparison	  to	  the	  non-­‐malignant	  cell	   line	  Met5a,	  which	  was	  used	  as	  control.	  We	  could	  further	  show,	   that	  activin	  A	  signalling	  plays	  an	   important	  role	   for	  MPM	  cells,	   since	  blocking	  of	  activin	   receptors	  with	   small	  molecule	   inhibitors	   as	  well	   as	   a	   specific	   silencing	   of	   INHBA	  with	  RNA	   interference	   results	   in	   reduced	   cell	   viability	   and	   clonogenicity.	   Immunohistochemical	  staining	   of	   tumor	   tissue	   samples	   derived	   from	   patients	   showed	   an	   intense	   cytoplasmatic	  staining	   for	   activin	   A.	   Moreover,	   a	   synergistic	   effect	   of	   silenced	   INHBA	   expression	   and	   cell	  treatment	   with	   the	   chemotherapeutic	   compound	   cisplatin	   could	   also	   be	   detected,	   thus	  suggesting	  activin	  A	  as	  a	  novel	  candidate	  for	  therapeutical	  application.	  	  	  
7.1.1 Expression	  Analysis	  Since	  the	  role	  of	  activin	  signals	  in	  MPM	  has	  not	  been	  investigated	  so	  far,	  the	  first	  step	  within	  this	  study	  was	   to	   determine	   the	  mRNA	   expression	   levels	   of	   the	   four	  mammalian	   activin	   subunits	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(expressed	  from	  the	  genes	  INHBA,	  INHBB,	  INHBC	  and	  INHBE),	  the	  activin	  receptors	  type	  I	  and	  type	   II	   and	   the	   various	   activin	   antagonizing	   factors.	   For	   this	   purpose,	   nine	  MPM	   cell	   lines,	   of	  which	   two	  have	  been	  established	  by	  our	  group,	  were	  analyzed	   in	  comparison	   to	  Met5a,	  which	  has	  previously	  been	  used	  as	  non-­‐malignant	  control	  in	  studies	  concerning	  thoracic	  tumors	  (230-­‐232).	  	  Gene	   expression	   levels	   were	   first	   determined	   at	   thirty	   cycles	   via	   RT-­‐PCR	   and	   with	   taq-­‐polymerase.	   The	   results	   of	   these	   expression	   analysis	   revealed	   that	   activin	   A,	   B	   and	   E	   can	   be	  detected	  at	  thirty	  cycles	  in	  nearly	  all	  tested	  cell	  lines,	  whereas	  activin	  C	  could	  not	  be	  detected	  at	  all.	   This	   is	   not	   an	   unusual	   phenomenon,	   since	   activin	   C	   expressed	   in	   the	   human	   body	   is	   very	  restricted	  (21).	  The	  activin	  receptors	   type	   I	  and	   type	   II	  were	  detected	   in	  all	  MPM	  cell	   lines,	  as	  well	  as	  in	  the	  control	  cell	  line	  Met5a.	  Follistatin,	  FSTL1	  and	  FSTL3	  were	  detectable	  in	  many	  cell	  lines	  at	  thirty	  cycles,	  whereas	  INHA,	  Cripto	  and	  Nodal	  were	  only	  expressed	  in	  some	  cell	  lines.	  	  Since	   these	   expression	   analysis	  were	   restricted	   to	   thirty	   cycles	   in	   our	   study	   and	   conventional	  RT-­‐PCR	   does	   not	   allow	   to	   quantify	   the	   expression	   levels,	   additional	   expression	   analysis	   with	  quantitative	  RT-­‐PCR	  were	  performed.	  For	   the	  calculations	  of	   the	   log	  2	  ratios	  of	   the	  expression	  levels	  obtained	  from	  quantitative	  RT-­‐PCR,	  we	  determined	  the	  ct	  values	  for	  three	  different	  house-­‐keeping	  genes	  (B2M,	  GAPDH	  and	  ACTB).	  Since	  B2M	  turned	  out	  to	  be	  inappropriate	  for	  our	  study	  due	   to	   the	  strong	  variations	  of	   the	  ct	  values	   in	   the	  different	  cell	   lines,	  we	  decided	   to	   refer	  our	  calculations	   to	   the	   average	   expression	   levels	   of	   GAPDH	   and	  ACTB,	   because	   both	   showed	   only	  slight	  variations	  in	  their	  expression.	  	  The	  expression	  analysis	  of	  the	  activin	  subunits	  by	  qRT-­‐PCR	  using	  TaqMan	  probes	  revealed,	  that	  there	   is	   a	  higher	   expression	  of	   INHBA	  and	   INHBC	   in	   all	  MPM	  cell	   lines,	   compared	   to	   the	  non-­‐malignant	  cell	   line	  Met5a.	  Like	   it	  was	  expected	   from	  the	  results	  of	   the	  RT-­‐PCR,	   INHBC	  showed	  very	  high	  ct	  values,	  thus	  indicating	  that	  INHBC	  is	  only	  expressed	  in	  MPM	  cell	  lines	  at	  relatively	  low	   levels.	  The	  activin	  subunit	  beta	  B	  was	   found	  to	  be	  highly	  expressed	   in	  nearly	  all	  cell	   lines,	  except	  the	  cisplatin	  resistant	  cell	  line	  p31cis,	  which	  showed	  a	  lower	  expression	  in	  comparison	  to	  the	   Met5a,	   whereas	   the	   expression	   of	   INHBE	   was	   upregulated	   in	   some	   cell	   lines	   and	  downregulated	  in	  others.	  	  The	  activin	  antagonist	  Follistatin	  was	  strongly	  upregulated	   in	  some	  cell	   lines	   in	  comparison	  to	  the	  cell	  line	  Met5a,	  but	  also	  downregulated	  in	  other	  cell	  lines.	  Overexpression	  of	  Follistatin	  and	  also	  activin	  A	  has	  previously	  been	  reported	  for	  oral	  squamous	  cell	  carcinoma	  (140).	  Follistatin	  related	   genes	   like	   FSTL1	   and	   FSTL3	   showed	   only	   low	   expression	   in	  MPM	   cell	   lines	   and	  were	  downregulated	  in	  most	  of	  them.	  	  The	  cell	  surface	  protein	  Cripto	  was	  downregulated	  in	  most	  MPM	  cell	   lines,	  whereas	  Nodal	  was	  upregulated	  in	  most	  cell	  lines.	  Since	  we	  do	  not	  possess	  a	  TaqMan	  probe	  for	  Nodal,	  it	  was	  the	  only	  activin-­‐related	   factor	   analyzed	   via	   SYBR-­‐Green	   qRT-­‐PCR,	   which	   could	   be	   the	   reason	   for	   the	  relative	  high	  variations	  in	  the	  two	  analysis	  performed.	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Moreover,	   the	   expression	   levels	   of	   the	   activin	   receptors	   type	   I	   (ALK4	   and	   ALK7)	   and	   type	   II	  (ACVR2	   and	   ACVR2B)	   were	   also	   determined	   via	   qRT-­‐PCR	   in	   comparison	   to	   the	   Met5a.	  Surprisingly,	  the	  expression	  of	  type	  I	  receptors	  was	  downregulated	  and	  the	  expression	  of	  type	  II	  receptors	  was	  upregulated	  in	  nearly	  all	  MPM	  cell	  lines	  in	  comparison	  to	  the	  Met5a.	  In	  a	  previous	  study	   concerning	  activin	  A	  and	  activin	   receptors	   in	   thyroid	   cancer	   (233),	   a	  downregulation	  of	  type	  I	  receptors	  has	  also	  been	  described.	  	  	  As	   another	   step	   in	   expression	   analysis	   of	   MPM	   cell	   lines,	   we	   wanted	   to	   determine	   whether	  INHBA	   gene	   expression	   can	   be	   epigenetically	   regulated	   via	   promotor	   demethylation	   and/or	  histone	   acetylation.	   For	   this	   purpose,	   cells	   were	   treated	   either	   with	   5-­‐azacytidine	   (5	   µM)	   or	  Trichostatin	   A	   (300	   nM)	   alone	   or	   with	   a	   combination	   of	   both	   agents.	   The	   effect	   of	   5-­‐AZA	   on	  INHBA	   gene	   expression	  was	   determined	   for	   three	  MPM	   cell	   lines.	   Two	   of	   them	  have	   a	   rather	  high	   baseline	   expression	   of	   INHBA,	   whereas	   the	   third	   one	   shows	   a	   low	   baseline	   INHBA	  expression.	   Unfortunately,	   we	   could	   not	   obtain	   any	   clear	   results	   and	   no	   correlation	   between	  promotor	   demethylation	   and	   INHBA	   expression	   could	   be	   made.	   Similar	   unconvincing	   results	  were	  examined	   in	   the	  expression	  analysis	  after	  cell	   treatment	  with	  TSA.	  But	   in	  contrast	   to	   the	  treatment	  with	  5-­‐AZA,	  we	  could	  see	  a	  trend	  in	  the	  INHBA	  gene	  expression	  after	  treatment	  with	  TSA	   in	   two	   of	   the	   five	   tested	   cell	   lines.	   Cell	   lines	   CRL5820and	   I2	   showed	   reduced	   expression	  levels	  for	  INHBA	  12	  hours	  after	  the	  treatment	  with	  TSA	  and	  an	  even	  stronger	  downregulation	  of	  the	   gene	   expression	   after	   24	   hours.	   One	   cell	   line	   responded	   to	   the	   treatment	  with	   TSA	   in	   an	  upregulated	  expression	  of	  INHBA,	  whereas	  in	  the	  other	  two	  cell	  lines,	  the	  INHBA	  expression	  was	  downregulated	   after	   12	   hours,	   but	   upregulated	   after	   24	   hours.	   Combination	   treatments	   with	  both	   agents	   turned	   out	   to	   be	   rather	   toxic	   and	  we	   therefore	   failed	   in	   isolating	   RNA	   from	   cells	  treated	  with	  5-­‐AZA	  as	  well	  as	  TSA.	  	  	  Previous	  studies	  with	   lung	  adenocarcinoma	  (145)	  and	  esophageal	  adenocarcinoma	  (144)	  have	  also	   investigated	   the	   consequences	   of	   promotor	   demethylation	   or	   histone	   acetylation	   on	   the	  gene	  expression	  of	   INHBA	  by	  using	  5-­‐aza-­‐2’deoxycytidine	  or	  Trichostatin	  A.	   In	  contrast	   to	  our	  results,	   they	   found	   an	   upregulated	   expression	   of	   INHBA	   caused	   by	   treatment	   with	   both	  substances	  alone	  or	  in	  combination.	  They	  also	  reported	  that	  these	  effects	  differed	  in	  the	  tested	  cell	   lines,	  since	  some	  cell	   lines	  only	  slightly	  responded	  to	  the	  treatment	  with	  those	  substances,	  whereas	   for	   other	   cell	   lines,	   the	   effect	  was	  more	  prominent.	  Beside	   the	   cell	   type,	   the	  baseline	  expression	   level	   of	   INHBA	  could	  also	  be	   a	   factor	  whether	   epigenetically	   regulating	   substances	  can	  influence	  INHBA	  expression	  or	  not.	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7.1.2 Stimulation	  of	  MPM	  Cells	  with	  Activin	  A	  Although	  our	  expression	  analysis	  revealed	  an	  overexpression	  of	  activin	  A	  in	  all	  tested	  MPM	  cell	  lines	   in	  contrast	  to	  the	  non-­‐malignant	  but	  transformed	  cell	   line	  Met5a,	  a	   further	  stimulation	  of	  cell	  proliferation	  by	  exogenous	  treatment	  with	  recombinant	  activin	  A	  could	  also	  be	  detected.	  In	  the	   MTT	   assay,	   significant	   elevated	   cell	   proliferation	   rates	   were	   measured	   when	   cells	   were	  treated	  with	  activin	  A	  and	  even	  under	  serum	  starvation	  conditions	  with	  reduced	  concentration	  of	   FCS	   added	   to	   the	   medium,	   the	   proliferative	   effect	   of	   activin	   A	   was	   still	   detectable.	  The	  stimulatory	  effect	  of	  activin	  A	  at	  a	   final	   concentration	  of	  20	  ng/ml	  on	  MPM	  cells	  was	  also	  demonstrated	  in	  respect	  of	  migration.	  In	  the	  scratch	  assay,	  where	  the	  migration	  of	  cells	  leads	  to	  closure	  of	  a	  scratch	  in	  the	  monolayer	  applied	  with	  a	  pipette	  tip,	  higher	  cell	  motility	  was	  detected	  when	  cells	  where	  treated	  with	  activin	  A	  and	  the	  scratch	  was	  closed	  much	  earlier	  in	  contrast	  to	  the	  scratch	  in	  the	  control.	  The	  strong	  stimulatory	  effect	  was	  further	  confirmed	  in	  the	  clonogenic	  assay,	  since	  the	  ability	  to	  survive	  and	  form	  colonies	  was	  strongly	  upregulated	  when	  cells	  were	  treated	  with	  activin	  A.	  In	  three	  of	  the	  tested	  cell	  lines,	  activin	  A	  increased	  the	  clonogenicity	  up	  to	  about	  150%	  in	  contrast	  to	  the	  controls,	  which	  were	  treated	  with	  equal	  amounts	  of	  PBS.	  	  	  In	   order	   to	   confirm,	   that	   our	   results	   concerning	   the	   stimulatory	   effect	   of	   activin	  A	   are	   tissue-­‐dependend	  and	   specific	   for	  MPM	  cells	   and	  not	   a	   general	  phenomenon,	  we	  also	   treated	  HepG2	  cells	  with	  activin	  A,	  since	   it	  was	  previously	  reported	  that	   the	  hepatocarcinoma	  cell	   line	  HepG2	  shows	  a	  downregulation	  of	  viability	  after	   treatment	  with	  recombinant	  activin	  A	   in	  vitro	  (229).	  As	   expected,	   our	   experiments	  with	   HepG2	   cells	   showed	   the	   same	   results	   as	   presented	   in	   the	  study	   mentioned	   above.	   Not	   only	   for	   hepatocarcinoma,	   but	   also	   for	   many	   other	   tumors,	   like	  breast	   cancer	   (121-­‐124),	  prostate	   cancer	   (125-­‐127)	  and	  pituitary	  adenocarcinoma	   (128,	  129),	  activin	  was	  described	  as	  a	  negative	  regulator	  of	  proliferation.	  	  	  Moreover,	  we	  also	  examined	  the	  effects	  of	  treatment	  with	  recombinant	  activin	  A	  at	  higher	  doses,	  for	   example	  50	  ng/ml	  or	  100	  ng/ml,	  but	   the	  proliferative	  effects	   could	  no	   longer	  be	  observed	  (data	  not	  shown).	   In	   the	  MTT	  assay	  and	  also	   in	   the	  clonogenic	  assay,	  higher	  concentrations	  of	  activin	   A	   added	   to	   the	   medium	   did	   not	   result	   in	   a	   further	   stimulation	   of	   cell	   viability	   and	  clonogenicity.	   These	   findings	   suggest,	   that	   activin	   A	   might	   function	   in	   a	   dose-­‐dependend	  manner,	   as	   it	   was	   previously	   described	   as	   a	   characteristic	   for	   the	   TGF-­‐β	   superfamily	   (234).	  Similar	   findings	  were	   already	   described	   for	   activin	  A	   in	   esophageal	   adenocarcinoma	   and	   lung	  adenocarcinoma,	  where	   the	   stimulatory	  effect	  of	   activin	  A	   could	  also	  only	  be	  detected	  up	   to	   a	  certain	  concentration	  level	  (144,	  145).	  So	  like	  TGF-­‐β,	  activin	  A	  could	  have	  a	  tumor	  suppressive	  as	  well	  as	  an	  oncogenic	  effect,	  depending	  on	  its	  concentration	  and	  the	  type	  of	  cells	  or	  tissue.	  The	  stimulatory	  effect	  of	  activin	  A	  could	  also	  depend	  on	  the	  baseline	  expression	  level	  of	  INHBA.	  For	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example,	   the	   cell	   line	   I2,	  which	  has	   a	  high	   expression	   level	   of	   INHBA,	   shows	  a	   less	  prominent	  proliferative	  effect	  after	  stimulation	  with	  recombinant	  activin	  A	  in	  contrast	  to	  the	  cell	  line	  M38K,	  which	   has	   a	   low	   baseline	   expression	   level	   of	   INHBA	   and	   responds	   with	   a	   highly	   significant	  upregulation	  of	  viability	  when	  treated	  with	  activin	  A.	  	  	  Furthermore,	  we	  could	  also	  demonstrate	  the	  functionality	  of	  the	  canonical	  TGF-­‐β/activin	  axis.	  In	  all	   tested	   cell	   lines,	   incubation	   of	   cells	  with	   recombinant	   activin	  A	   (20	   ng/ml)	   for	   30	  minutes	  resulted	   in	  an	  activation	  of	   the	  SMAD-­‐pathway	  via	  phosphorylation	  of	  SMAD2.	  This	  effect	  was	  previously	   reported	   for	   HepG2	   cells	   (229),	   but	   has	   not	   been	   shown	   for	   Malignant	   Pleural	  Mesothelioma	  or	  other	  thoracic	  tumors	  so	  far.	  	  	  The	  monomeric	  protein	  Follistatin	  is	  known	  as	  a	  modulator	  of	  activin	  signalling,	  since	  it	  has	  the	  ability	   to	  bind	   to	  activin	  A	  and	   therefore	   regulate	   its	   function.	  Although	  previous	   studies	  with	  other	   thoracic	   tumors,	   like	   esophageal	   adenocarcinoma	   (144)	   or	   lung	   adenocarcinoma	   (145),	  reported	   an	   inhibition	   of	   cell	   proliferation	   after	   treatment	   with	   Follistatin	   at	   different	  concentrations,	  we	  could	  not	  show	  this	  effect	  for	  Malignant	  Pleural	  Mesothelioma.	  Cell	  treatment	  with	  Follistatin	  at	  a	  final	  concentration	  of	  20	  ng/ml	  did	  not	  result	   in	  a	  reduced	  cell	  viability	  or	  clonogenicity	  (data	  not	  shown).	  This	  might	  be	  due	  to	  technical	  problems	  in	  our	  study	  or	  it	  could	  also	  mean	   that	   like	   for	  activin	  A,	   the	  effect	  of	   follistatin	  differs	  between	   the	  various	  cell	   types.	  The	   inhibitory	   effect	   of	   Follistatin	   could	   also	   be	   dose-­‐depended	   and	  might	   only	   be	   present	   at	  lower	   concentrations	   than	   20	   ng/ml,	   like	   it	   was	   tested	   in	   our	   study,	   or	   at	   much	   higher	  concentrations.	  Seder	  et	  al.	  reported,	  that	  cell	  treatment	  of	  esophageal	  adenocarcinoma	  or	  lung	  adenocarcinoma	  with	  Follistatin	  at	  a	  final	  concentration	  of	  1	  or	  10	  ng/ml	  only	  slightly	  reduces	  cell	   viability,	   whereas	   a	   final	   concentration	   of	   100	   ng/ml	   reduced	   cell	   proliferation	   down	   to	  about	  70%	  (144,	  145).	  	  
7.1.3 Inhibition	  of	  MPM	  Cell	  Proliferation	  Since	   cell	   treatment	   with	   recombinant	   Follistatin	   did	   not	   show	   any	   convincing	   results	   in	   our	  study	   and	   no	   inhibition	   of	   cell	   proliferation	   could	   be	   observed,	   as	   it	   would	   be	   expected,	   we	  wanted	  to	  determine	  whether	  small	  molecule	  inhibitors	  for	  activin-­‐like	  kinases	  have	  the	  ability	  to	  reduce	  cell	  proliferation	  of	  MPM	  cell	  lines.	  	  Although	   both	   tested	   inhibitors	   (SB-­‐431542	   and	   A8301)	   target	   the	   same	   type	   I	   receptors	   of	  activin-­‐like	  kinases	  (ALK4,	  ALK5	  and	  ALK	  7),	  we	  achieved	  stronger	  effects	  with	  the	  inhibitor	  SB-­‐431542	  at	  equal	  concentration	  levels.	  We	  could	  demonstrate	  that	  cell	  treatment	  with	  SB-­‐431542	  at	   a	   final	   concentration	   of	   20	   µM	   clearly	   reduces	   cell	   viability	   of	  MPM	   cell	   lines	   and	   that	   this	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effect	  can	  further	  be	  increased	  when	  the	  concentration	  of	  FCS	  added	  to	  the	  medium	  is	  reduced	  from	  10%	  down	  to	  0.1%.	  Beside	  the	  reduced	  cell	  proliferation,	  we	  could	  also	  demonstrate	  reduced	  clonogenicity,	  even	  at	  low	   concentrations	   of	   the	   inhibitor	   SB-­‐431542,	   and	   less	  migration,	   as	   observed	   in	   the	   scratch	  assay	  or	   the	   transwell	  assay.	  But	  when	  the	  crystal	  violet	  was	  solubilized	  again	  by	  2%	  SDS,	   the	  resulting	   data	   did	   not	   always	   consent	  with	   the	   visible	   numbers	   of	   colonies	   (data	   not	   shown).	  This	  might	  be	  due	  to	  the	  fact	  that	  the	  size	  of	  the	  colonies	  decreased	  when	  cells	  were	  treated	  with	  the	  inhibitor	  and	  that	   it	  was	  easier	  to	  unstain	  small	  colonies	  than	  big	  colonies,	  and	  many	  large	  colonies	  could	  not	  get	  unstained	  again	  by	  using	  SDS.	  But	   all	   in	   all,	   our	   findings	   concerning	   the	   inhibitory	   effect	   of	   the	   small	   molecule	   inhibitors	  suggest	   that	  MPM	  cells	  depend	  on	  activin	   signals,	   especially	  activin	  A,	   and	   that	   they	  present	  a	  valuable	  candidate	  for	  further	  investigations	  regarding	  new	  therapy	  approaches.	  	  Unfortunately,	  both	  small	  molecule	  inhibitors	  are	  not	  specific	  for	  activin	  receptors,	  since	  they	  do	  not	  discriminate	  between	  the	  receptors	  for	  activins	  and	  those	  for	  TGF-­‐β.	  Both	  target	  the	  activin-­‐like	  kinases	  ALK4,	  ALK5	  and	  ALK7,	  whereas	  ALK4	  and	  ALK7	  are	  specific	  for	  activin	  signals	  and	  ALK5	  for	  TGF-­‐β.	  Therefore,	  we	  wanted	  to	  examine,	  whether	  the	  strong	  inhibitory	  effect	  caused	  by	   these	   inhibitors	   could	  also	  be	   shown	  when	  we	   target	  activin	  A	  alone.	  For	   this,	   the	  effect	  of	  siRNA	  targeting	  human	  INHBA	  was	  investigated	  within	  this	  project.	  	  Four	  cell	  lines	  with	  a	  high	  baseline	  level	  of	  INHBA	  expression	  were	  used	  for	  silencing	  INHBA	  in	  vitro	   using	   RNA	   interference.	   For	   all	   cell	   lines,	   the	   regulatory	   effect	   of	   the	   siRNA	   at	   a	   final	  concentration	   of	   50	   nM	  was	   proven	   via	   quantitative	   RT-­‐PCR	   and	   the	   biological	   consequences	  were	   investigated	   with	   regard	   to	   viability	   and	   clonogenicity,	   always	   in	   comparison	   to	   cells	  treated	  with	   scrambled-­‐siRNA	  at	   the	   same	  concentration.	  The	  quantitative	  RT-­‐PCR	  showed	  an	  efficiency	  of	  gene	  silencing	  with	  RNA	  interference	  of	  about	  80%	  in	  all	  tested	  cell	   lines.	  The	  cell	  proliferation	  rate	  was	  clearly	  reduced	  and	  similar	  to	  cell	  treatment	  with	  recombinant	  activin	  A	  and	  SB-­‐431542,	  the	  effect	  on	  viability	  was	  even	  stronger	  when	  the	  concentration	  of	  FCS	  added	  to	  the	  medium	  was	  reduced	  down	  to	  0.1%.	  When	  MPM	  cell	  lines	  were	  treated	  with	  siRNA	  targeting	  INHBA,	  they	  showed	  a	  reduced	  ability	  to	  survive	  and	  form	  colonies	  when	  seeded	  at	  a	  very	  low	  density.	  Less	  colonies	  were	  formed	  and	  they	  also	  seemed	  to	  be	  smaller	  in	  size.	  	  	  The	   strong	  growth	   inhibitory	   effect	   of	   siRNA	   targeting	   INHBA	  demonstrates,	   that	   the	   effect	   of	  the	  two	  tested	  small	  molecule	  inhibitors	  can	  not	  only	  be	  caused	  by	  the	  importance	  of	  TGF-­‐β	  for	  MPM	  cells,	  but	  also	  by	  the	  effects	  on	  the	  activin	  receptors.	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7.1.4 Activin	  A	  as	  a	  Valuable	  Candidate	  for	  Therapeutic	  Application?	  Since	  we	   could	   show	   an	   inhibitory	   effect	   of	   siRNA	   targeting	   human	   INHBA	   on	  MPM	   cells,	  we	  wanted	  to	  examine	  whether	  the	  efficiency	  of	  currently	  used	  chemotherapeutic	  compounds	  like	  cisplatin	  could	  be	  enhanced	  by	  simultaneously	  silencing	  INHBA	  in	  vitro.	  Therefore,	  siINHBA	  was	  used	   in	   combination	   with	   cisplatin	   for	   cell	   treatment	   of	   MPM	   cell	   lines	   and	   viability	   was	  measured	  72	  hours	  later,	  resulting	  in	  a	  synergistic	  effect	  of	  RNA	  interference	  and	  cisplatin.	  But	  unfortunately,	   siRNA	   targeting	   INHBA	   cannot	   easily	   be	   used	   for	   tumor	   treatment	   in	   humans	  since	  INHBA	  is	  expressed	  in	  nearly	  all	  kinds	  of	  tissues	  and	  has	  various	  functions	  and	  therefore,	  a	  way	  for	  tumor-­‐specific	  targeting	  of	  INHBA	  would	  probably	  have	  to	  be	  found.	  	  Immunohistochemical	   stainings	   of	   tumor	   tissue	   samples	   derived	   from	   patients	   showed	   an	  intense	  cytoplasmatic	  staining	  for	  activin	  A	  in	  a	  large	  fraction	  of	  the	  stained	  panel.	  The	  results	  of	  the	   immunohistochemistry	  have	  not	  been	  completely	  evaluated	  so	   far	  and	  a	  correlation	  of	   the	  results	  with	  histologic	  subtype	  and	  the	  clinical	  data	  still	  has	  to	  be	  made.	  But	  since	  the	  expression	  of	  activin	  A	  on	  the	  protein	  level	  was	  only	  detectable	  with	  immunohistochemistry	  for	  the	  tumor	  cells	   and	   not	   the	   surrounding	   stromal	   cells,	   activin	   A	  might	   turn	   out	   to	   be	   a	   poor	   prognostic	  factor	  for	  MPM.	  These	  findings	  would	  be	  consistent	  with	  the	  results	  of	  previous	  studies	  with	  oral	  squamous	   cell	   carcinoma	   (140),	   esophageal	   squamous	   cell	   carcinoma	   (142)	   and	   lung	  adenocarcinoma	  (145),	  that	  reported	  an	  association	  between	  an	  intense	  cytoplasmatic	  staining	  for	  activin	  A	  in	  the	  tumor	  cells,	  tumor	  progression	  and	  poor	  prognosis	  for	  the	  patients.	  	  	  Nevertheless,	  overexpression	  of	  activin	  A	  can’t	  be	  the	  only	  mechanism	  underlying	  the	  malignant	  growth	  and	  spreading	  of	  MPM	  cells,	   since	   the	   inhibition	  of	   INHBA	  expression	  using	  siRNA	  did	  not	  result	  in	  an	  entire	  arrest	  of	  MPM	  cell	  growth	  and	  some	  immunohistochemical	  stained	  tissue	  samples	  did	  not	  show	  an	  expression	  of	  activin	  A.	  	  All	   in	   all	  we	   can	   say,	   that	  our	   results	  provide	  evidence	   that	   activin	  A	   represents	  an	   important	  factor	   for	  Malignant	  Pleural	  Mesothelioma	  and	   that	   it	   therefore	  might	  be	  a	  valuable	   candidate	  for	  therapeutic	  applications,	  especially	  in	  combination	  with	  other	  treatments.	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8 Abbreviations	  	  5-­‐AZA	   	   	   5-­‐azacytidine	  ACTB	   	   	   beta-­‐actin	  	  ActR	   	   	   activin	  receptor	  ACVR2	  	   	   activin	  receptor	  2	  ACVR2B	   	   activin	  receptor	  2B	  ALK	   	   	   activin	  receptor-­‐like	  kinase	  	  B2M	   	   	   beta-­‐2	  microglobulin	  	  BSA	   	   	   bovine	  serum	  albumin	  cisplatin	   	   cis-­‐diamminedichloroplatinum(II)	  DAB	   	   	   3,3’-­‐diaminobenzidine	  tetrahydrochloride	  	  DMSO	   	   	   Dimethyl	  sulfoxide	  EDTA	   	   	   ethylenediaminetetraacetic	  acid	  FACS	   	   	   fluorescence-­‐activated	  cell	  sorting	  FCS	   	   	   fetal	  calf	  serum	  	  FLRG	   	   	   follistatin-­‐related	  gene	  	  GAPDH	  	   	   glyceraldehyde-­‐3	  phosphate	  dehydrogenase	  H&E	   	   	   hematoxylin	  and	  eosin	  	  HRP	   	   	   horseradish	  peroxidase	  	  INHA	   	   	   Inhibina	  alpha	  MEME	   	   	   Minimum	  essential	  Eagle	  medium	  	  MPM	   	   	   Malignant	  Pleural	  Mesothelioma	  NSCLC	   	   	   non-­‐small	  cell	  lung	  cancer	  TGF-­‐β	  	   	   	   Transforming	  growth	  factor	  beta	  MTT	   	   	   dimethyl	  thiazolyl	  diphenyl	  tetrazolium	  salt	  PBS	   	   	   phosphate	  buffered	  saline	  	  PVDF	   	   	   Polyvinylidene	  fluoride	  RPMI	   	   	   Roswell	  Park	  Memorial	  Institute	  medium	  	  RT-­‐PCR	  	   	   reverse	  transcriptase	  polymerase	  chain	  reaction	  SDS	   	   	   sodium	  dodecyl	  sulfate	  SDS-­‐PAGE	   	   sodium	  dodecyl	  sulphate	  polyacrylamide	  gel	  electrophoresis	  siRNA	   	   	   small	  interfering	  RNA	  SV40	   	   	   Simian	  Virus	  40	  TBS	   	   	   Tris	  buffered	  saline	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TBST	   	   	   Tris	  buffered	  saline	  with	  0.1%	  Tween-­‐20	  TDGF1	  	   	   teratocarcinoma-­‐derived	  growth	  factor	  1	  TE	   	   	   Tris	  EDTA	  buffer	  solution	  TEMED	   	   N,N,N’,N’–tetramethylethylenediamine	  TSA	   	   	   Trichostatin	  A	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  in	  the	  upper	   panel	   show	   the	   effects	   of	   transfection	   in	   culture	   medium	   containing	   10%	   FCS,	  whereas	   the	   graphs	   in	   the	   lower	   panel	   show	   the	   effects	   on	   cell	   proliferation	   after	  transfection	  with	  0.1%	  FCS	  added	  to	  the	  culture	  medium................................................................... 63	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Figure	  34.	  siRNA	  targeting	  human	  INHBA	  (final	  concentration:	  50	  nM)	  reduces	  clonogenicity	  in	  MPM	  cell	  lines	  in	  contrast	  to	  scrambled-­‐siRNA	  transfected	  cells. .................................................... 64	  Figure	  35.	  Example	  of	  a	  synergistic	  effect	  of	  siRNA	  targeting	  human	  INHBA	  (final	  concentration:	  50	  nM)	  and	  cisplatin	  at	  different	  concentration. ...................................................................................... 64	  Figure	  36.	  Expression	  of	   INHBA	   in	  MPM	  cell	   lines	  24,	  48,	  72	  and	  96	  hours	  after	  cell	   treatment	  with	  5-­‐azacytidine	  at	  a	  final	  concentration	  of	  5	  µM................................................................................ 65	  Figure	  37.	   Expression	   of	   INHBA	   in	  MPM	  cell	   lines	   12	  hours	   and	  24	  hours	   after	   cell	   treatment	  with	  Trichostatin	  A	  at	  a	  final	  concentration	  of	  300	  nM. ........................................................................ 66	  Figure	  38.	  Immunohistochemical	  staining	  of	  a	  formalin-­‐embedded	  MPM	  tumor	  tissue	  sample	  of	  the	  epithelioid	  subtype,	  showing	  an	  intense	  cytoplasmatic	  staining	  (score	  3)	  for	  activin	  A	  in	  the	  tumor	  cells,	  but	  not	  in	  the	  surrounding	  cells...................................................................................... 67	  Figure	  39.	  Agarose	  gel	  of	  the	  amplified	  fragment	  showing	  a	  sharp	  band	  at	  approximately	  1400	  bp. .................................................................................................................................................................................. 68	  Figure	  40.	  Vector	  pENTR1A	  (2294	  bp)	  was	  used	  as	  vector	  backbone	  for	  the	  entry	  clone. ............. 68	  Figure	  41.	  Agarose	  gel	  showing	  the	  results	  of	  the	  restriction	  digest	  with	  PstI.	  Clone	  4	  and	  clone	  7	  show	   bands	   of	   the	   expected	   size	   (527	   bp	   and	   3066	   bp)	   and	   were	   identified	   as	   positive	  clones. .......................................................................................................................................................................... 69	  Figure	  42.	  Ligation	  of	  the	  gene	  of	   intererst,	   INHBA,	  and	  the	  entry	  vector,	  pENTR1A,	  resulted	  in	  the	   entry	   clone	   pINHBA-­‐ENTR1A	   (3593	   bp),	   which	   was	   subsequently	   used	   for	   the	   LR	  recombination	  reaction. ...................................................................................................................................... 70	  Figure	  43.	  Destination	  vector	  pLenti6/ubC/V5/Dest	  (9319	  bp)	  was	  used	  as	  vector	  backbone	  for	  the	  expression	  clone.............................................................................................................................................. 71	  Figure	  44.	  LR	  recombination	  reaction	  of	  pINHBA-­‐ENTR1A	  (3593	  bp)	  and	  pLenti6/ubC/V5/Dest	  (9319	  bp)	  results	  in	  the	  expression	  clone	  pINHBA-­‐Dest	  (9028	  bp). ............................................... 72	  Figure	  45.	  Restriction	  digests	  of	  the	  two	  selected	  expression	  clones.	  Left:	  cut	  with	  XhoI	  and	  AflII.	  Right:	  cut	  with	  PstI................................................................................................................................................. 72	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